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Abstract 
 
21-(9-Anthrylmethyl)-4,17,13,16-tetraoxa-1,10,21-triazabicycle[8.8.5]tricosane-19,23-
dione (I) was synthesized and characterized as a fluoroionophore for the selective, optical 
detection of lithium ions. The compound was prepared in a conventional four step 
synthesis.  I is based on a bridged diazacrown structure, which provides a semi-rigid 
binding framework.  Binding takes place by electrostatic interactions between the oxygen 
atoms of the crown and the cation and is transduced to fluorescence emission from an 
attached anthracene fluorophore.  In a 3:1 dichloromethane/tetrahydrofuran solvent 
mixture, I acts as an intramolecular electron transfer ''off-on'' fluorescence switch, 
exhibiting a greater than 190-fold enhancement in fluorescence emission intensity in the 
presence of lithium ions. The relative selectivity of I for lithium ions over sodium, 
potassium and ammonium ions expressed as log K (where more negative values indicate 
higher selectivity) were log K Li+,Na+ = - 3.36, log K Li+,K+ = - 1.77  and log K Li+,NH4+  =  
- 2.78. 
 
21-(16-Mercaptohexadecan-1-oyl)-4,7,13,16-tetraoxa-1,10,21-triazabicyclo-[8.8.5]trico 
sine-19,23-dione (II) was synthesized in six steps using conventionalmethods.  
11-Mercapto-N-(4-(9,15,18-triisopropyl-6,12-dimethyl-2,5,8,11,14,17-hexaoxo-1,7,13-
trioxa-4,10,16-triazacyclooctadecan-3-yl)butyl) undecan-amide (III) was synthesized in 
fifteen steps with an orthogonal protecting group strategy.  These molecules were 
prepared as a self-assembled monolayer (SAM) on gold. Characterization of a gold 
surface modified with II and III was carried out by sessile drop contact angle 
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goniometry, ellipsometry, and grazing angle FT-IR spectroscopy. The cation recognition 
properties of the SAM were studied by impedance spectroscopy. The films of II show 
selectivity for lithium ions in solution over potassium and sodium ions, with selectivity 
values: log K Li+,Na+ = -1.30 and log K Li+,K+ = -0.92. The films of III showed selectivity 
for ammonium ions in aqueous solution over potassium and sodium ions, with selectivity 
values calculated to be log K NH4+,Na+ = -1.23 and log K NH4+,K+ = -1.17.  To the best of 
our knowledge, these are the first demonstrations of lithium and ammonium sensors 
fabricated using self-assembled monolayer technology. 
 
Compounds IV and V are macrobicyclic compounds designed and synthesized as 
ammonium selective ionophores for use in ion selective electrode (ISE) applications.  
The structures of IV and V are based on bicyclic depsipeptide motifs which are expected 
to provide binding sites for ammonium ions due to the tetrahedral arrangement of 
carbonyl groups that participate in hydrogen bonding interactions.  The synthesis of 
compound IV, involving 22 steps, was unsuccessful, potentially due to steric effects on 
the final (second) cyclization.  The alternative molecule (V) was successfully synthesized 
in six steps using solution phase and solid phase peptide synthesis.  Ionophore V 
incorporated into an ISE format provided selectivity for ammonium ions over sodium 
ions (log K NH4+, Na+ ~ - 0.08 to -0.47), however it did not show selectivity for ammonium 
ions over potassium ions (log K K+,NH4+ ~ -0.47 to - 0.61). 
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Chapter 1 
Introduction 
 
The design and synthesis of highly selective ionophores and fluoroionophores has 
received much attention because of the important role played by these sensors in many 
applications.1-27 The concept of this research involves host guest supramolecular 
chemistry, where the ionophores or fluoroionophores serve as hosts for cation guests. 
Supramolecular chemistry has been defined22 as the “chemistry of molecular assemblies 
and of the intermolecular bond.” The goal of supramolecular host design is the 
achievement of selectivity; discrimination between one guest and others.  In this work, 
we are interested in lithium and ammonium concentrations due to their significant 
importance in the clinical diagnosis of disease.  Lithium salts such as Li2CO3 have been 
effectively used as medicines for manic-depressive and hyperthyroidism patients. 
Ammonium ions are used as markers for blood urea nitrogen compounds, urea and 
creatinine, in the analysis of whole blood. The levels of urea and creatinine in blood are 
an important diagnostic indicator of renal (kidney) functions.28  The urea and creatinine 
levels are indirectly detected by measuring the concentration of ammonium ion which is 
metabolized from urea and creatinine by enzyme urease and creatininase.  Accordingly, 
continuous monitoring of lithium and ammonium ions from whole blood is sometimes 
required. In addition, in physiological media, lithium and ammonium ionophores or 
fluoroionophores must have high selectivity for lithium over sodium and potassium, 
which are present at significantly higher concentrations. 
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The goal of this work is to design and synthesis a novel ionophores and fluoroionophores 
for the complexation of lithium and ammonium ions based on the fundamental 
requirement for selective host-guest interactions. The molecular modeling program, 
MOE, was employed to provide preliminary information regarding the selectivity of each 
complexation. In this work, we have used sensor molecules for testing ion concentration 
in the bulk solution, by modified gold electrodes and by ion selective electrode format. 
The fabrications of selective sensors in these different formats make them compatible in 
various applications. For example, the fluoroionophore can be used to test ion 
concentrations in the organic solution. The sensor modified on gold electrode can be used 
for microfluidic sensor applications. The sensor fabricated in the membrane for ion 
selective electrode can be used to measure ion concentration in aqueous solutions.  
 
In the introduction chapter the basic knowledge and general considerations for 
ionophores and fluoroionophores, self assembly monolayers (SAM) and sensor 
fabrication, ion selective electrodes (ISEs), and orthogonal protecting groups used for the 
synthesis of these sensors will be presented. 
 
1.1 General Considerations for Ionophore  
The goal of supramolecular host design is the achievement of selectivity. In order to 
develop the selectivity of ionophores, it is important to consider the thermodynamics of 
complexation.  An ionophore is an ion carrier that can bind ions reversibly. Ionophore 
selectivity can be discussed in terms of the thermodynamic stability of the ion-ionophore 
complex, in which more stable complexes indicate more selectivity.29, 30 The 
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thermodynamic selectivity of a specific host for a particular cation represents the ratio 
between the host’s affinity for a given cation over other guest cations. Therefore, a 
successful selective host exhibits a strong affinity for one particular cation and a much 
lower affinity for others. The affinity of a host can be assessed by its binding constant 
(K), which represents the thermodynamic equilibrium constant for the binding process: 
 
 
Therefore: 
 
 
 
A large binding constant corresponds to a high equilibrium concentration of bound ion, 
hence a more stable ion-ligand complex.  For example, the binding constants for 18-
crown-6 and alkali metal cations in water are in the range 101 - 102, and increase up to 
1010 with the more selective ligand, cryptand, due to it’s highly preorganised structure.22 
The preorganisation will be discussed in the next section. 
 
The binding constants are thermodynamic parameters; therefore, they are related to the 
free energy of the association process according to the Gibbs equation: 
 
 
The general affinity of a host for a guest under specific conditions (i.e. temperature or 
solvent) can be given either in terms of K or ∆Gº values. A K of about 1010 corresponds 
Host  +  Guest Host . Guest
K =
[Host . Guest]
[Host]  x  [Guest]
∆Gº = - RT ln K
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to a  ∆Gº of about -52 kJ mol-1 (-13 kcal mol-1).22  In energy terms, complexation of alkali 
cations with ionophores range from -20 to -100 kJ mol-1. The difference in the free 
energy of each pair in the cation-ionophore complex referred to the ability of an 
ionophore to discriminate between different cations. Since the magnitudes of K and ∆Gº 
widely vary, they are often reported as log K, and selectivity is the ratio of the binding 
constant for one guest to another. This value can be calculated from the free energy of 
complexation, ∆G, as follows: 
 
 
 
 
Where K is the binding constant (also call equilibrium constant or complexation 
constant),29 i is the primary ion or the ion of interest,  j is the interfering ion, and R, T, 
and G are standard thermodynamic quantities. Therefore, after obtaining the ratios of the 
binding constant of primary ion and the interfering ion, then converting to a log; 
 
                                                                                      gives log Kij  as a selectivity factor.  
 
The design of an ionophore that provides high selectivity is complicated because 
selectivity is governed by a number of factors, such as size match between cation and 
ionophore, degree of ionophore preorganisation, solvent (polarity, hydrogen bonding), 
enthalpic and entropic contribution of the cation-ionophore interaction, and cation and 
ionophore free energy of solvation. Among these, the size match, solvation, and 
log Kij = log
Ki
Kj
 
ln Ki =
- ∆Gi
RT
ln Kj =
- ∆Gj
RT
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preorganisation are important in achieving a high degree of selectivity.  Some of these 
factors are discussed in the following section. 
 
Preorganisation and Complementarity 
22
 
The general concept of preorganisation is the construction of a host that matches, both 
sterically and electronically, the requirements of the guest before the guest is bound. 
Sterically, the host molecule must be able to fit physically around the guest molecule, 
without being too large or too small.  Electronically, the host must present binding sites 
of opposite electrostatic charge or dipole moment to those of the guest, such as hydrogen 
bonding donors for hydrogen bonding acceptors. Matching hosts and guests are described 
as complementary. In order to bind, a host must have binding sites which have the correct 
electronic character to complement the guest, and those binding sites must be spaced on 
the host in such a way as to make it possible for them to interact with the guest in the 
binding conformation of the host molecule (lock and key concept). Host preorganisation 
is a key concept since it represents a major difference in energy to the overall host-guest 
complexation energy.   
 
Neglecting the effects of solvation, the host guest binding process may be described in 
two stages.22 First, an activation stage occurs in which the host undergoes a 
conformational readjustment to arrange its binding sites in the most complementary way 
to interact with the guest. This process is energetically unfavourable and the host must 
remain in this binding conformation throughout the lifetime of the host-guest complex. In 
the second stage, following the rearrangement, binding occurs which is energetically 
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favourable because of the enthalpically stabilizing attraction between mutual 
complementary binding sites of the host and guest. The overall free energy of 
complexation is the difference between the unfavourable reorganization energy and 
favourable binding energy. If the unfavourable reorganization energy is large, the overall 
free energy of host-guest complexation will be reduced.  In contrast, if the host molecule 
is preorganised, the unfavourable reorganization energy will be small, and the overall free 
energy of host-guest complexation is enhanced, stabilizing the interaction. 
 
With the effects of solvation, the host or the ionophore must shed both its solvation shell 
and that of the guest in order to bind.  The complexation process is shown in Scheme 1.22  
Here, the net host-guest complexation free energy represents the enthalpic and entropic 
energy gains resulting from favourable host-guest interactions and the increase in the 
number of free molecules, less the enthalpic loss from the desolvation of host and guest 
molecules.22  In general, this process is favourable because the host-guest complexation is 
highly enthalpically favourable. The binding is particularly favourable when the host is 
preorganised, when there is only a small difference in the energy needed for host 
conformational rearrangement.  
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Scheme 1: Complexation Process22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
+
Metal Cation
Solvent molecule
Polar head group
Hydrophobic tail
Host fragment
1. Solvated host
(hydrophobic and 
van der Waals 
interactions)
2. Desolvated host and free solvent
Enthalpically unfavourable
Entropically favourable
3. Host conformation rearrangement
Enthopically unfavourable
4. Solvated guest
(coordination complex)
5. Guest desolvation
Enthalpically unfavourable
Entropically favourable
6. Complexation
Highly enthalpically favourable
8. Some solvent left over.
(Net favourable increase 
in entropy)
7. Complex solvation
Enthalpically favourable
Entropically unfavourable
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Table 1 shows the effects of the degree of preorganisation and size fit to binding free 
energies for alkali metal binding to a series of cryptands compared to a crown ether.22, 29-
31  The values of the metal ions most complementary to each host are shown in bold.  In 
this example, crown ethers and cryptands provide an octahedral (spherical) coordination 
shell, which are suitable for binding alkali metal ions. The size of the crown ether and 
cryptand increases by the increasing of the ring size; while the size of the cation radius 
increases from lithium (0.60 Å), sodium (0.95 Å), potassium (1.33 Å), rhodium (1.48 Å), 
to cesium (1.69 Å) ions.  The crown ethers provide similar binding affinities for several 
metal ions, meaning poor selectivity due to their highly flexible structures.  In contrast to 
the crown ethers, cryptands provide macrobicyclic cavities which are more rigid and 
restricted so that they are unable to constrict sufficiently to bind cations that neither are 
too small for the cavity; nor can they expand to accommodate cations having a radius 
grater than the optimum size fit. Moreover, the three-dimensional cryptand cavity is 
significantly preorganised for cation binding, meaning that there is less enthalpically 
unfavourable conformational rearrangement required in order to adapt to the optimum 
complexation geometry. The binding free energies of 18-crown-6 and cryptands shown in 
table 1 are influenced significantly by the appropriate size fit and the increasing degree of 
preorganisation.   
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Table 1: Binding free energy (kJ mol-1; 4.184 kJ = 1 kcal) for alkali metal with a series 
of cryptand and 18-crown-6.22, 29-31  
 
- ∆ Gº (kJ mol
-1
) Ionophore Family 
Li
+
 Na
+
 K
+
 Rb
+
 Cs
+
 
N
O
N
O O
O
 
Cryptand 69.5 - - - - 
N
OO
N
O O
O
 
Cryptand 41.8 74.1 64.0 53.1 - 
O O
OO
N
O O
N
 
Cryptand - 60.2 75.3 70.3 43.1 
OO
O
O O
O
 
18-crown-6 - 25.1 34.7 30.6 27.2 
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In summary of this section, it can be shown that there are two major attributes that must 
be designed into an ionophore in order to achieve high selectivity for a particular guest.  
The first is the size-fit requirement in which the pocket of the ionophore must be of an 
appropriate dimension to bind the guest.  The second is a preorganised structure to reduce 
the enthalpic cost of complexation.  The alkali metal ions (lithium ion particularly in this 
study) prefer octahedral (spherical) coordination shells, while ammonium ions prefer a 
tetrahedral binging geometry.3  
 
1.2 General Considerations for Fluoroionophores 
Analytical methods based on fluorescent sensors have been developed for the detection of 
cations.4, 5, 14, 18, 23, 25, 32-42 These methods are advantageous over other analytical methods 
such as flame photometry and atomic absorption spectrometry, which are expensive, 
often require a relatively large sample size, and not capable of continuous monitoring.43 
Fluorescent sensors consist of a fluorophore covalently linked to an ionophore and are 
therefore called “fluoroionophores”. The design of fluoroionophore sensors takes into 
accounts both recognition and signaling moieties. The ionophore and fluorophore 
portions of the compound are used for ion recognition and signaling, respectively, as 
shown in figure 1. 
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Figure 1: Main aspects of fluorescent molecular sensors for cation recognition. 
 
The signaling moiety acts as a transducer which converts the information from the 
recognition event into an optical signal, which is expressed as a change in the 
photophysical characteristics of the fluorophore.43 This change is due to the perturbation 
by the bound cation of a photoinduced processes, such as electron transfer, in this 
particular study.  The recognition moiety is the ionophore responsible for the selectivity 
of the binding which depends on ligand structure. The signaling moiety can either be 
linked to the ionophore moiety by a spacer or integrated into the ionophore (figure 2). If 
it is integrated into the ionophore, some atoms of the fluorophore may participate in the 
complexation and therefore the selectivity of binding often results from the whole 
structure which involves both signaling and recognition moieties.43 
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Figure 2: Examples of (left) spaced- and (right) integrated- fluoroionophores 
 
Photoinduced electron transfer (PET) cation sensors  
The basic photophysical process of PET sensors depend on an intramolecular electron 
transfer quenching mechanism in which the excited state of the fluorophore is quenched 
by electron transfer from an electron donating group in the ionophore.29  The 
thermodynamic prediction of the feasibility of the electron transfer process can be made 
by calculating the free energy change associated with PET reaction using The Rehm-
Weller equation.29, 44  
 
∆GPET = Eoxd/D – Ered/A – ∆E00 – e
2/4piεr       
 
Eoxd/D is the oxidation potential of the electron donor, Ered/A is the reduction potential of 
the acceptor, ∆E00 is the excitation energy that participates in the electron transfer process 
which is also based on the wavelength of excitation, and the last term is the coulombic 
energy of the ion pair where e is the electron charge, ε is the dielectric constant of the 
solvent and r is the distance between two ions.29 The sign conventions of writing redox 
couples is followed the IUPAC convention by writing as reduction potentials, E(A/A-.). 
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Using these conventions, substances A with more positive reduction potentials for redox 
couple A/A-. are easier to reduce. For example, the reduction potentials of anthracene and 
phenanthrene are - 1.93 eV and - 2.20 eV, respectively;45 therefore, anthracene is easier 
to reduce compared to phenanthrene. 
 
The Frontier orbital energy diagrams of fluorescence enhancement in the PET 
mechanism in cation unbound and bound states are shown in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Photo induce electron transfer processes 
 
Upon excitation of the fluorophore (figure 3, left), an electron of the highest occupied 
molecular orbital (HOMO) is promoted to the lowest unoccupied molecular orbital 
(LUMO), by the transition from S0 state to S1 state.  Here, the reduction potential of the 
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fluorophore is lowered and is depicted in terms of the fluorophore HOMO being lower in 
energy than the HOMO of the electron donor in the ionophore.  At this point, it enables 
for PET process to take place by intramolecular electron transfer from the HOMO of the 
electron donor (free receptor) to the HOMO of the fluorophore, causing the fluorescence 
quenching. Consequently, an electron transfer simultaneously occurs from the LUMO of 
the fluorophore to the HOMO of the electron donor. In this state, the transition from S1 to 
S0 is quenched and little or no fluorescence is observed. 
 
Upon cation binding (figure 3, right), in which the electron donating group participates in 
the complexation, due to ion-dipole interactions, the electrostatic field of the cation 
retards electron transfer to the fluorophore, and results in less PET efficiency. This effect 
can be explained thermodynamically, i.e. the oxidation potential of the donor has 
increased in the ion-bound state, and is shown in terms of the HOMO of the electron 
donor having lower energy than the HOMO of the fluorophore. Consequently, the PET 
process is thermodynamically less favorable and fluorescence quenching is suppressed. 
As a result, the fluorescence intensity increases when the binding process takes place. 
 
To be operative the PET mechanism must have a negative free energy change, ∆G PET; 
therefore there must be an appropriate fluorophore, ionophore and linker. Various types 
of PET sensors have been extensively studied.46-53  In most of them, the cation receptor 
involves aliphatic or aromatic amines acting as electron donors.43, 48-53 Since oxidation 
energy of an amine is relatively low compared to an amide or an ester, the electron 
transfer process in the excited state is more favorable.  In order to have an oxidation 
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occur in a photo-induced electron transfer process, there must be an appropriate electron 
acceptor as well as energy supplied to drive the flow of electrons.  This energy is 
supplied by photons and is stored as potential energy.  The likelihood of oxidation 
occurring depends on the energy required to take the electron away from the electron 
donor, such as amine or amide, plus the energy required to add an electron to the 
acceptor, such as  anthracene fluorophores.  If this total energy is less than the stored 
energy in the excited state, then the electron transfer process is favorable (Gibbs energy 
change for the process is negative), and is therefore spontaneous.  The knowledge of how 
much energy is needed to take an electron away from the electron donor (its oxidation 
potential), how much energy is required to give an electron to the fluorophore (its 
reduction potential) and the excited state energy can all be used to design the 
fluoroionophore because these energies can determine the likelihood of electron transfer.  
The examples of some PET systems were shown previously in figure 2.  In figure 2 (left), 
9-anthryl-azacrown-5 consists of 9-methlanthracene covalently linked to the secondary 
amine of the azacrown moiety.  The Gibbs energy change for the electron transfer 
process is estimate to be ∆G PET = - 0.41 eV,
29 calculated by using the Rehm-Weller 
equation by the azacrown is electron donor with an oxidation potential = 0.89 eV, 9-
methyl-anthracene is the electron acceptor with a reduction potential = -1.97 eV, E00 = 
3.17 eV and the coulombic term is 0.1 eV.29  If the structure of this compound is changed 
by using amide linkage to the anthracene, the ∆G PET is estimate to be = + 0.02 eV 
(assumed by using the oxidation potential of tertiary amide = 1.32 eV).54  
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Beside the consideration of the fluorophore portion, the ionophore’s structure (ion-
recognition moiety) also plays an important role in the design of a fluoroionophore 
sensor. The consideration of the ionophore was previously discussed in section 1.1.  
Ionophores need to provide the appropriate size fit and geometry to the ion of interest as 
well as the preorganisation of the ionophore structure. A number of fluoroionophores 
based on crown ether structures have been synthesized due to the synthetic flexibility 
which allowed the incorporation of a variety of fluorophores as well as electron donors.43, 
46, 55  However, better selectivity was achieved when the cryptand structure was used.43, 48, 
51, 52  
 
The last consideration in the design of fluoroionophore sensors is the linkage between the 
fluorophore and the ionophore moieties. It has been reported that the PET process can be 
achieved within a distance of 10 Å.56 An investigative study of the spacer (linker) length 
effect on the photoinduced electron transfer efficiency was reported by Ji et al.57 In their 
study, four derivatives of alkylpyrene were covalently bonded to aza-18-crown-6 at the 
nitrogen position and the pyrene group was tethered to the azacrown ionophore by 
methylene linkers with n = 1, 2, 3 and 4 methylene groups. The results of this study 
indicate that the maximum efficiency is achieved when the distance of (CH2)n is less than 
n = 3. 
 
As mentioned above, the fluoroionophores are multi-component systems and each 
component plays an importance role which needs to be considered.  In this study, we 
have designed and synthesized a lithium fluoroionophore (chapter 3). The ion-ionophore 
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binding process and selectivity study will be examined using florescence spectroscopy.   
The selectivity will be calculated by a method that is similar to the separate solution 
method (SSM) used in ion-selective electrode (ISE) applications3 and will be reported as 
Log Kij, (where i = primary ion of interest, and j = interfering ion). Figure 4 shows a 
hypothetical plot of the change of response (florescence response in this case) as a 
function of ion concentration for primary and interfering ions.  By using the expression: 
 
Log K i,j = log ([i]/[j]) 
 
where [j] is the concentration of interfering ion that provides the maximum response and  
[i] is the concentration of the primary ion that produces the same response as the 
maximum response produced by the interfering ion, the selectivity can be calculated.  
 
 
 
 
 
 
 
Figure 4:  Hypothetical plot of the change in the intensity response as a function of ion 
concentrations for primary (i) and interfering (j) ion. 
 
The reported selectivity is given as negative values of Log K i,j , where the more negative 
value indicates better selectivity. For example, sensor A provides the selectivity of Log K 
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Li+,K+ = - 2.9, meaning sensor A is 794  times more selective for lithium than that of 
potassium ions. 
 
1.3 Self Assembled Monolayer and Sensor Fabrication on Gold 
Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by the 
adsorption of an active adsorbate on a surface.58 SAMs are formed by immersing a 
substrate into a solution of a surface-active material (figure 5). The driving forces for the 
spontaneous formation of the two-dimensional assembly are the strong interactions 
between the functional groups of the adsorbate and the substrate (chemical bond 
formation) as well as van der Waals interactions among the adsorbate molecules, which 
results in dense monolayer packing.58, 59   
 
 
 
 
 
 
 
 
 
 
Figure 5: Preparation of SAMs by immersing a substrate into a solution of the surface-
active material.58 
+
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Many self-assembly systems have been investigated; monolayers of alkanethiols on gold 
surfaces are probably the most studied SAMs.60-71 Sulfur has a strong affinity to transition 
metal surfaces,72 which makes organosulfur compounds interact very strongly to gold 
surfaces.73 The Au-thiolate bond has bond strength of approximately 40 kcal mol-1 and 
contributes to the stability of the SAMs along with the van der Waals forces between 
adjacent methylene groups.58, 74 On gold surfaces, the organization of the well packing 
alkanethiol SAMs usually tilts about 30º perpendicularly to the surface.75  Monolayers on 
gold are stable in various solvents as well as in the presence of light or sonication.76 
Because of high degree of order and stability, make SAMs of alkanethiols on gold a very 
valuable system for studies in physical, chemical, and biological sciences.74 The number 
of reported surface active organosulfur compounds that form monolayers on gold have 
increased in the recent years. Examples of these systems are shown in figure 6. 
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Figure 6: Surface active organosulfur compounds that form monolayers on gold.58 
 
The utility of thiol compounds adsorbed on gold as a monolayer system is based on 
several considerations.77 First, gold is a relatively inert metal; it does not form a stable 
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oxide surface. Second, gold has a strong specific interaction with sulfur that allows the 
formation of gold-thiolate bonds rather than bond with other functional groups. Third, 
long chain alkanethiols form densely packed monolayer on gold.78 The best quality 
monolayers are prepared when the substrate is cleaned by exposure to Piranha solution 
before self-assembly. (Piranha solution consists of 30 % v/v H2O2 and 70 % v/v H2SO4) 
Chemisorption of alkanethiols on gold (Au0) surface yields the gold (Au+) thiolate (RS-) 
species.62 Even though the mechanism involved in the reaction of the alkanethiols with 
gold (Au0) is not completely understood,62 it is believed that the reaction can be 
considered formally as an oxidative addition of the S-H bond to the gold surface, 
followed by a reductive elimination of hydrogen.58 At this point, the loss of hydrogen has 
not been determined to be H2 gas or as H2O.
62 The loss of H2 gas may be an important 
exothermic step in overall energy due to the increase in the entropy (∆S) of the system. 
However, the presence of oxygen in the solution or reaction medium might also lead to 
the conversion to water.75 The proposed reactions of alkanethiols with gold (Au0) are 
shown below. 
           
2RS-H  +  Au0n 2RS
--Au+  +  H2 + Au
0
n-2
2RS-H  +  Au0n   + oxidant 2RS
--Au+  +   H2O  + Au
0
n-2  
 
The formation of well ordered self-assembled monolayers of alkanethiols on gold 
surfaces depends on immersed time, concentrations of surface-active compound and 
different chain length, and terminal group of the alkyl chain.79 The kinetics of the 
monolayer formation can be described by a two-step mechanism: a fast step, which takes 
a few minutes and a slow step, which lasts several hours.79 The mechanism of the initial 
 38 
step is described as a diffusion controlled Langmuir adsorption which is dependent on 
thiol concentration.58 Using 1 mM solution of the desired thiol, the first step is over after 
1 min, while it requires over 100 min when using a 1 µM concentration.79 The second 
step can be described as a surface crystallization process, where alkyl chains get out of 
the disordered state and into unit cells.  The kinetic of the first step is governed by the 
surface (head group reaction), and the activation energy which could depend on the 
electron density of the adsorbing sulfur. The kinetics of the second step is related to chain 
disorder and the different components of chain-chain interaction (van der Waals, dipole-
dipole, etc.). For alkanethiolates, it was found that the kinetics of the second step is faster 
for the longer alkyl chains ((CH2)n >9) compared to shorter chains ((CH2)n <9), which is 
probably due to the increased van der Waals interactions.79  
 
Over the last decade, research has been moving from a fundamental understanding of the 
formation and structure of SAMs toward their potential technology applications. One of 
the potential applications of SAMs is in sensor technology; specifically in our work are 
microfluidic sensor applications. This technology is focused on the use of SAMs for the 
selective recognition of guests, and the transduction of the binding into a detectable 
signal, such as an electrochemical signal.80 A number of researches are focused on 
modified surfaces for sensing devices.  For example, Reinhoudt et al. have shown that 
SAMs of alkanethiols bearing crown-ethers can complex non-electrochemically active 
ions such as Na+ and K+.59, 80-82  The ion recognition properties of other molecules on 
gold, such as helical peptides linked to a crown ether unit,83 crown ethers bonded to 
tetrathiafulvalene disulfides,84, 85 and alkanethiols modified with nitrilotriacetic acid,86 
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have also been studied. Examples of crown ethers as ionophores, with alkanethiol 
substituents for sensing applications on gold surfaces are shown in figure 7. 
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Figure 7: Structures of crown ethers with alkanethiol substituents. 
 
Electrochemical techniques, cyclic voltammetry (CV) and electrical impedance 
spectroscopy (EIS) in particular, can reveal detailed information about the structure of 
SAMs and also can be used to detect ion binding to SAMs by measuring changes in 
conductivity or capacitance.59, 68, 81, 82, 86, 87 The fundamental details of cyclic voltammetry 
and impedance spectroscopy will be explained in chapter 2, general method.  Impedance 
spectroscopy has been used for monitoring the complexation of metal cations from 
solution to SAMs of ionophores, such as crown ether adsorbates.59, 81, 82  The binding of 
ions (i.e. K+ or Na+) to a monolayer causes an increase in the relative permittivity or the 
dielectric constant of the monolayer (εr), which results in an increase of the monolayer 
capacitance (CML). The expression is shown as follow:
82 
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CML = ε0 ε r A / d 
 
where ε0 is the permittivity of vacuum (ε0 = 8.9 x 10-12 Fm-1),  
            εr is the dielectric constant of the monolayer,  
            A is the surface area, and  
            d is the average monolayer thickness.   
 
During the titration experiment, aliquots of a solution of ions, such as 0.1 M LiCl or 
NH4Cl, were added to the background electrolyte of 0.1 Et4NCl or Bu4NCl, and the 
change in CML was determined from the impedance spectrum. (ε0, A and d values do not 
change with measurement.)  
 
In this study, SAMs of synthetic lithium ionophore (Chapter 4) and ammonium 
ionophore (Chapter 5) were formed on gold surfaces. The ion-ionophore binding process 
and selectivity is measured using impedance spectroscopy technique.  
 
1.4 Ion Selective electrodes (ISEs)  
Carrier-based ion-selective electrodes (ISEs) have been for about 40 years and have been 
used in many sensor applications and routine analysis.3 A number of inorganic ions as 
well as organic ions can be determined by using ISEs in aqueous environments. Example 
of these analytes are Li+, Na+, K+, Rb+, Cs+, Hg2+, Pb2+, Cu2+, SO4
2-, CO3
2-, HCO3
-, 
guanidine, creatinine, salicylate, heparin, etc.3  The key component of an ISE sensor is a 
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selective ionophore or an ion carrier that can reversibly bind ions. The first neutral 
ionophores used in ISE membranes were antibiotics, such as valinomycin for K+ 
sensors.15, 88 Ammonium selective electrodes based on a solvent polymeric membrane 
doped with nonactin are a standard method which is routinely used for the direct 
determination of ammonia in aqueous samples.20, 89 The chemical structures of 
valinomycin and nonactin are shown in figure 8.  
 
 
 
 
 
 
 
 
 
Figure 8: The chemical structure of natural antibiotics ionophores, valinomycin (left) and 
nonactin (right). 
 
A carrier-based ISE consists of the solvent polymeric membrane (plasticized-PVC 
membrane) which is physically a water-immiscible liquid of high viscosity that is 
commonly placed between two aqueous phases, such as the sample solution and the 
internal electrolyte solution (figure 9). The solvent polymeric membrane contains various 
constituents; a selective ionophore, a membrane solvent, an organic polymer (the most 
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common is polyvinylchloride, PVC), and in some cases contained an ionic additive 
(lipophilic salt such as potassium tetrakis(4-chlorophenyl) borate or KTpCIPB). The 
selective ionophore is the selective ion carrier which reversibly binds ions and transports 
them across the hydrophobic membrane. The ionic additive, such as KTpCIPB, catalyzes 
the ion-exchange process at the sample/membrane interface.20 Solvent polymeric 
membranes used in ion sensors usually contain about 33% (w/w) PVC and 66 % (w/w) of 
a membrane solvent or plasticizer.3 Some of the common membrane solvents are dioctyl 
phthalate (DOP), dioctyl sebacate (DOS), or nitrophenyl octyl ether (NPOE). In order to 
give a homogenous organic phase, the membrane solvent must be physically compatible 
with the polymer; otherwise, it will be extracted, yielding an unstable membrane 
composition.3 The selectivity of the carrier-based ISEs is highly influenced by the 
membrane solvent which has been assumed that it is due the polarity of the plasticizer. 
For example, NPOE is a polar membrane solvent compared to DOS.3  By changing in 
plasticizer from polar plasticizer NPOE to apolar DOS, the selectivity of Ca2+ in ISE 
format was reduced by orders of magnitude.3   For ammonium selective electrodes, 
NPOE and DOP are often used as plasticizers since they have been reported to yield good 
results.6, 11, 20  
 
Measurements with ISEs are a form of potentiometry where the ISE produces a potential 
that is proportional to the analyte concentration (an ion).  The constructed membrane is 
incorporated into an electrode body, called a Phillip’s body electrode, consisted of an 
internal electrolyte (such as 0.1 M KCl).29 A two-electrode setup is used with the ISE as 
the working electrode (the membrane exposed to electrolyte solution) and a reference 
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electrode, such as standard calomel electrode (SCE) or saturated silver/silver chloride 
electrode (Ag/AgCl).  As shown in figure 9, the electrodes are connected to a potentiostat 
and the two-haft cells are placed into solution where the potential difference is measured 
as a function of ion concentrations in testing solution. 
 
   
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9:  Diagram of the setup for ISE testing 
 
The operation of an ion selective electrode is dependent on the establishment of a 
potential different between the solution and the internal electrolyte with the potential 
difference occurring at the solution-membrane interface.3, 29  When the membrane is 
doped with an ionophore that is primarily selective for a specific ion, this potential 
difference becomes dependent upon the activity of the specific ion and is measured 
against an external reference electrode.  The activity of an ion in solution is a measure of 
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the number of ions taking part in any given reactions; in the ISE case, those interacting 
with the membrane. It is always less than the actual number of ions present in the 
solution since the ion mobility is reduced by the presence of other ions. The higher the 
concentration of other ions, either the same or different from the species being measured, 
makes the difference between activity and concentration greater. However, it can be 
noted that this difference is small in dilute solutions and can be ignored in many practical 
applications.90 
The ISE response is measured as a function of ion concentration in solution and then the 
selectivity of the device can be determined. Based on the fact that there is a linear 
relationship between the electrical potential developed between the ISE and the external 
reference electrode, and the logarithm of the activity (called effective concentration) of 
the ions in solution.90 This relationship can be described by the Nernst equation: 
E = E0 + (2.303RT/ nF) x Log(a) 
where E is the total potential developed between the sensing and reference electrodes, E0 
is a constant which is characteristic of the particular ISE/reference pair, 2.303 is the 
conversion factor from natural to base 10 logarithm, T is the absolute temperature, R is 
the gas constant (8.314 J K-1 mole-1), n is the charge on the ion, F is the Faraday Constant 
(96,500 C mole-1), and Log (a) is the logarithm of the activity of the measured ion.  The 
slope of the response is equal to 2.303RT/nF, and this is an important diagnostic 
characteristic of the electrode, generally the slope gets lower as the electrode gets old or 
contaminated, and the lower the slope produces higher error in sample measurements.  
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The theoretical value for the slope at 25°C is 59.2 mV/dec for mono-valent ions and 29.6 
mV/dec for di-valent ions.90 
 
The selectivity of ISEs is related to the equilibrium constant of the exchange reaction of 
the primary ion (target ion) and interfering ions between the membrane and aqueous 
phase.  Therefore, the selectivity is strongly dependent on the ratio of binding constants 
of these ions with the ionophore in the membrane. One of the typical methods used for 
measuring the selectivity of the ISE to the target ion over other interfering ions is called 
the Separate Solution Method (SSM).3, 6, 29 The SSM involves the measurement of two 
separate solutions where each solution contains a salt of the determined ion only.3 
 
The goal in this work is to develop new and highly selective ionophores that are capable 
of detecting ions in aqueous solution. Since ISEs offer one way to achieve this goal, new 
ammonium ionophores were designed to be incorporated into these electrodes.  For any 
ISE sensors, sensitivity to a specific ion in the required concentration range and 
selectivity for one specific ion over all other interfering ions are important 
considerations.3, 28, 29 For example, nonactin is able to discriminate ammonium ions over 
potassium ions, which both have almost similar ionic radii (NH4
+ = 1.43 Å and K+ = 1.33 
Å).  In designing ammonium ionophores for incorporation into ISEs, there are several 
factors to consider.  The first is the size-fit requirement.  A rigid framework, with a cavity 
appropriately sized (1.43 Å) for ammonium ions, is necessary to impart high selectivity 
over other interfering cations. As previously described if the substrate is too flexible, it 
can easily change conformations to allow coordination with smaller or larger cations.  A 
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second consideration is the complexation geometry. Complexation is thermodynamically 
more favorable when the ionophore is conformational preorganized into the correct 
binding geometry in order to minimize the enthalpic cost of cation binding.22  
Ammonium ionophores should provide a tetrahedral binding site while the interfering 
potassium ions prefer octahedral binding due to their spherical symmetry.  Ammonium 
ionophores should exhibit a spatial distribution of lone-pair electrons for effective 
hydrogen bonding with the tetrahedral ammonium ion.  In addition, the ionophores for 
ISEs applications should be highly lipophilic, in order to be compatible with the non-
polar membrane environment of ion selective electrodes, and to prevent the leaching of 
the ionophore from the membrane during testing.3 This is usually achieved by attaching 
lipophilic groups, such as alkyl groups to the ionophore’s structure.3  
 
The synthetic details of two new ammonium ionophores for ISEs applications will be 
given in chapter 6. The ion-ionophore binding process and selectivity will be examined 
by potentiometry. 
 
1.5 Orthogonal Protecting Group 
The synthesis of several ionophores, in particular ammonium ionophores, in this study 
involves protecting groups which only one type can be removed under certain conditions 
while the other groups are stable. These protecting groups are called an orthogonal set.  
An orthogonal set is a group of protecting groups whose removal is accomplished in any 
order with reagents and conditions which do not affect protecting groups in the other 
orthogonal sets.91-93  In this study, three sets of orthogonal groups were used; protecting 
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groups cleaved by acid, protecting groups cleaved by β-elimination, and protecting 
groups cleaved by hydrogenolysis. The brief explanation of these protecting groups and 
their mechanisms of deprotection are described below. 
 
1.5.1. Protecting groups cleaved by acid 
The acid-labile protecting groups used in this study are t-butyl (t-Bu) and t-
butyloxycarbonyl (BOC) groups. After the treatment with 50 % trifluoroacetic acid in 
dichloromethane, these groups can be removed by cleaving of a C-O bond which is 
promoted by the formation of a stabilized carbocation as shown in scheme 2. 
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1.5.2. Protecting groups cleaved by β-elimination reaction 
The 9-fluorenylmethoxycarbonyl (Fmoc) group can be cleaved by E1cb mechanism
93 
using 10-20% piperidine in DCM for 10-20 min at room temperature.  In this reaction, 
piperidine, a mild base, rapidly deprotonates the fluorene group.  The elimination 
generates dibenzofulvene and a carbamate residue which then decomposes by loss of 
carbon dioxide to release the free amine (scheme 3).93 The mechanism of this 
deprotection is shown in scheme 3.  
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1.5.3. Protecting groups cleaved by hydrogenolysis 
Benzyl and benzyloxycarbonyl (BzlO) protecting groups can be cleaved by 
hydrogenolysis.93  This is an excellent method for cleaving benzyl groups from benzylic 
esters and benzyloxycarbonyl groups of amines by using hydrogen gas in the presence of 
a transition metal catalyst such as palladium.  A mechanism for the hydrogenolysis of 
benzyl derivatives on a solid-supported palladium catalyst is given in scheme 4. 
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In summary, it can be shown that there are two major attributes that must be designed 
into an ionophore or fluoroionophore in order to achieve high selectivity for a particular 
guest.  The first is a size-fit requirement in which the pocket of the ionophore must be of 
an appropriate size to bind the guest.  The second is a preorganised structure which 
reduces the enthalpic costs of complexation.  Alkali metal ions, particularly Li+ for this 
study, prefer octahedral (spherical) coordination shells, while ammonium ions prefer a 
tetrahedral binding geometry.  The final synthesized structure depends on the application 
and the format of each ionophore. The ionophores which expected to use for 
microfluidics sensor applications will incorporate an alkyl chain functionalized with a 
terminal thiol in order to attach to a gold surface. The ionophores for ISEs will be 
designed to have lipophilic parts in the molecule in order to prevent extraction from the 
membrane during testing. 
 
The synthesis of a lithium fluoroionophore (I) and its’ selectivity testing by fluorescence 
spectroscopy in bulk organic solution will be discussed in chapter 3. The synthesis of a 
lithium ionophore (II) and an ammonium ionophore (III), their characterization on gold 
surface and selectivity testing by impedance spectroscopy for application of microfluidic 
sensors will be explained in chapter 4 and 5, respectively.  The synthesis of ammonium 
ionophores (IV and V) and selectivity testing for ISEs applications will be described in 
chapter 6. The summary of this work will be in chapter 7, as well as the future work with 
the proposed synthetic routes of two potential fluoroionophores will be discussed in 
chapter 8.  
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Chapter 2 
Materials and General Methods 
Materials.  All reagents and solvents for synthesis were purchased from Aldrich 
Chemical (Milwaukee, WI), unless otherwise noted.  D-Hydroxyisovaleric acid and N-
Fmoc-iminodiacetic acid, poly(vinyl chloride) high molecular weight (PVC), dioctyl 
phthalate (DOP), and nitrophenyl octyl ether (NPOE) were purchased from Fluka 
Chemical Corporation (Milwaukee, WI).  L-Lactic acid and N(ε)-Benzyloxycarbonyl-L-
lysine were purchased from Alfa Aesar. Wang resin (resin for solid phase synthesis), 
amino acids with the protecting group, Fmoc-Val-OH, Fmoc-D-Val-OH, Boc-D-Val-OH, 
Fmoc-Glu(OBzl)-OH, Boc-Lys(Fmoc)-OH, Fmoc-Lys(Z)-OH, Fmoc-D-Glu(OtBu)-OH 
and coupling reagents, benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluoro- 
phosphate (PyBOP), and 1-hydroxybenzo-triazole hydrate (HOBT) were purchased from 
Calbiochem-Novabiochem Corp. (San Diego, CA).  Electrolyte solutions were freshly 
prepared using high-purity Millipore deionized water (18 MΩ.cm). 
 
General Instruments and Methods   
NMR spectra were obtained in an Avance Bruker spectrometer at 400 MHz for proton 
and 100 MHz for 13C NMR spectra in CDCl3 or MeOD solutions.  Mass spectra were 
measured by SynPep Corporation (Dublin, CA) or Water Micromass Model ZMD, Mass 
Spectrometer.  Ionization was performed using electrospray, with 50 % v/v of an aqueous 
solution of acetonitrile or methanol as the carrier solvent, and nitrogen as a curtain gas. 
Melting point data was obtained using a Mel-Temp capillary melting point apparatus and 
were not calibrated. 
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Analytical techniques for SAM characterization 
The number of molecules in a SAM is very small, approximately 8.3 x 10-10 mol.cm-2 for 
alkane thiols on gold.59  Therefore, a variety of the characterization techniques are 
employed and the information was combined to obtain an accurate molecular picture of 
the SAM.  This information consists of the surface wettability, surface coverage, layer 
thickness, and functional group analysis. The analytical techniques used for the 
characterization of the monolayers are explained as follows: 
 
Contact Angle Goniometry 
Contact angle goniometry measures the surface wettability and provides information of 
the hydrophobicity and order of the film. The sessile contact angle technique involves 
placing a small, sessile (free-standing) liquid drop (water in this study) on a surface and 
then using a protractor to measure the angle of a droplet relative to the surface. The non-
polar terminal head group, such as alkane thiol on SAM, provides a hydrophobic surface 
and results in a high contact angle. In contrast, a polar terminal head group, such as a 
carboxylic acid or a hydroxyl group, provides a hydrophilic surface and results in a low 
contact angle. Figure 10 shows the angle measurement and the difference in appearance 
between a hydrophobic and hydrophilic surface.  
 
 
 
 
Figure 10: Contact angle measurement 
Hydrophilic surface                     Hydrophobic surface
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In this study, contact angle measurements were obtained with a Rame-Hart Model 100-00 
Goniometer.  To measure the contact angle made by water with the surface, one micro 
liter droplet of water (pH ~ 6.0, not buffered) was added to the slide using a calibrated 
micro pipette. On one slide about six measurements were recorded for different droplets 
and measured immediately after each droplet was added.  The contact angle value for 
each sample was an average measurement.  
 
The information from contact angle measurement provides the first impression about the 
deposition of a compound on the gold surface by comparing the contact angle value of 
the gold modified surface to that of a bare clean gold surface which usually gives contact 
angle at 0 -10 º. 
 
Grazing Incidence Infrared Spectroscopy 
The grazing incidence infrared spectroscopy records the spectrum of the SAM on a gold 
surface and provides functional group information.  For the SAM on a metal surface, 
such as gold, the infrared absorption spectrum of the compound is usually recorded by 
external reflection configuration.59, 94, 95  In the grazing incidence reflection configuration, 
the incoming light is reflected under a large angle of incidence to maximize the 
absorbance by the monolayer 95 (figure 11).  
 
 
 
 
 53 
 
 
 
 
 
Figure 11: Schematic diagram of the grazing incidence reflection configuration infrared 
spectroscopy 
 
Surface vibrational spectroscopy is considered to be a very useful technique for 
determination of the structure of organic layers deposited on metal substrates. The 
absorption bands in the recorded spectrum are due to the vibration modes of the defined 
functional groups which can be confirmed by the presence of the moieties on the surface.  
Although grazing incidence IR spectroscopy provides functional group analysis, not all 
absorption bands present in the monolayer are seen by this technique.  This is due to the 
orientation of the functional groups (or bonds) relative to the surface. Only the vibrations 
with transition dipoles perpendicular to the surface will absorb strongly and be observed.  
The vibrations with transition dipoles parallel to the surface will not absorb strongly and 
therefore will be inactive and not be observed.95-99 As a consequence, the grazing 
incidence IR spectrum not only provides the structural functional groups, but also 
provides information about the average orientation of the molecule on the SAM.59 
 
In this study, IR spectra were obtained with a Nexus FT-IR spectrometer equipped with a 
ThermoNicolet grazing angle accessory and a liquid nitrogen cooled Mercury Cadmium 
Gold surface
Incident light Detector
SAM
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Telluride A (MCTA) detector.  The incident IR beam was incident at a 75 degree on the 
gold substrates and was reflected off the surface at an angle into the detector. Because of 
the small amount of material actually on the surface, the optical beam path was purged 
with nitrogen gas before and during data acquisition to insure that water or other vapors 
were not interfering with the measurement.  IR spectra were obtained by collecting 64 
scans, with a 4 cm-1 resolution, from 4000 to 1000 cm-1.  A clean gold substrate was used 
as a background before the data acquisition of each spectrum. 
 
Ellipsometry 
Ellipsometry is the most common optical technique to measure the thickness of a thin 
organic film such as a monolayer on gold.59  This technique is a non-destructive optical 
technique, which is based on the measurement an interpretation state of polarized light 
undergoing oblique reflection from a sample surface.100   Light is an electromagnetic 
wave consisting of vibrating electric charges and these vibrations usually occur in more 
than one plane. However, if these vibrations occur in the same plane, the light is called 
polarized light.  Polarized light can be linear, circular or elliptical (figure 12a). The linear 
polarized light refers to the light waves oscillating in one direction, while the circular or 
elliptical polarized lights are the light waves that have electric field vectors oscillating in 
a circle or an ellipse, respectively. If light is composed of two plane waves of equal 
amplitude but by differing in phase by 90°, then the light is said to be circularly 
polarized.101 Elliptically polarized light consists of two perpendicular waves of unequal 
amplitude which differ in phase by 90°.101  The difference in amplitude (but differing in 
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phase by 90°) of the electric field vector of elliptically polarized light is shown in figure 
12b. 
 
 
 
 
 
 
 
 
Figure 12: a) Polarization of light and b) the electric field vector of elliptically polarized  
                   light. 101 
 
Ellipsometry technique is based on the phenomenon that the state of the polarization of 
light can change when reflected off a surface. An example of this phenomenon is shown 
in figure 13; linearly polarized light is incident on the surface where it interacts with the 
sample and then reflects. Here, the interaction of the linearly polarized light with the 
sample occurs and changes the linearly polarized light to elliptically polarized light 
because of the presence of the thin layer of the boundary surface between two media.100  
On the other hand, the incident light can also be elliptically polarized and when it 
interacts with the sample on the surface, it will undergo a change to linearly polarized 
light.  The coordinate system that is used for describing the ellipse of polarization is the 
p-s coordinate system.  The s-direction is taken to be perpendicular to the direction of 
a) b)
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propagation and parallel to the sample surface, while the p-direction is taken to be 
parallel to the direction of propagation and contained in the plane of incidence. 
 
 
 
 
   
 
 
 
Figure 13: Schematic of the geometry of an ellipsometry experiment 102 
 
A plane-polarized laser beam that is reflected by the substrate results in a change of 
ellipsometric angles, ∆ and Ψ, where ∆ is a change of phase between light which is 
polarized parallel (p) to the light beam and light that is polarized perpendicular (s) to the 
light beam and Ψ is the ratio of change in amplitude of the light after reflecting off the 
surface. A measurement of the change of these two parameters (∆ and Ψ) leads to 
information about the film and substrate, such as film thickness, by fitting the acquired 
data to a theoretical model.  The polarization change which is given by the two values Ψ 
and ∆ are related to the ratio of Fresnel reflection coefficients, Rp,which is a reflection 
coefficient for the polarized light parallel to the incident beam and Rs which is a 
reflection coefficient for the polarized light perpendicular to the incident beam. These 
coefficients constitute the change in amplitude and phase of the light after it is reflected 
from the surface and they are complex numbers as shown in the following expression: 
s-plane
p-plane
p-plane
s-plane
iθ
E
v
E
v
Plane of incidence
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In this study, the thickness measurements were determined with a manual photoelectric 
Rudolf 439L633P ellipsometer (Rudolph Instruments, Fairfield NJ).  A diagram of a 
manual ellipsometer is shown in figure 14.  
 
 
 
 
 
 
 
 
Figure 14: Diagram of manual ellipsometer 
 
In this instrument as shown in figure 14, unpolarized light from a HeNe laser source 
(632.8 nm) is passed through a linear polarizer which converts unpolarized light into 
linearly polarized light by blocking all the components of the light that are not vibrating 
linearly in one direction. This type of polarizer can be rotated to select the angle for linear 
polarization. The linearly polarized light from the polarizer is then passed through a 
compensator (or quarter wave retarder) which alters the phase of one component of light 
and results in a change in the polarization of light.  In this instrument, the compensator is 
fixed at 45º to the axis of the linear polarizer, which results in the change of the linearly 
HeNe laser
Polarizer
Compensator
Analyzer
Detector
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polarized light to be elliptically polarized after the light is passed through the 
compensator. After that, the elliptically polarized light reflects off the thin film on the 
substrate and is converted to the linearly polarized light. The light then passes through a 
second linear polarizer, called the analyzer, and is extinguished by rotating the analyzer 
at the axis about 90º to that of the first rotation at the first linear polarizer. This angle is 
adjusted by a minimum reading on the detector, which is located after the second 
polarizer.  
 
The ellipsometer measures the ratio of the reflection coefficients (Rp/Rs) by measuring 
the angles that the polarizers must be rotated relative to the incident light beam to 
extinguish the reflected light. The angle measurements from the polarizer for an 
individual sample are relative to the degree of the change in amplitude and phase of the 
reflected light. Upon measuring the ratio of the reflection coefficients (Rp/Rs), a change 
of plane (∆) and amplitude (Ψ) of the light can be determined. After determining the 
ellipsometric angles, the value of the film thickness can be calculated using a complex 
series of equations by comparing the data with a model equation, and using regression 
algorithms to vary the unknown value to fit the model. In this study, the thickness of the 
film was calculated, using the manufacturers’ software, assuming values for the 
extinction coefficient (k) and refractive index (n) of the SAM to be 0 and 1.47, 
respectively. Since Ψ and ∆ are functions of refractive index (n) and extinction 
coefficient (k) and film thickness, some numbers of n and k have to be used in order to fit 
the model. Usually, the refractive index between 1.45 - 1.50 is used for SAM, which are 
close to the values for bulk alkanes.59  The values of the film thickness reported in this 
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study are the average values obtained from at least three different samples. The tilted 
angle is calculated from cos θ = ellipsometry result / length of the molecule.  
 
Cyclic Voltammetry  
Cyclic voltammetry has been widely used to examine the packing order of a self-
assembled monolayer on the surface by using electrochemical properties, particularly the 
ability to restrict electron transfer to the conducting surface.59, 81, 82, 103  Electron transfer 
rates depend on the amount of the redox species, such as Ru(NH3)6 
2+/3+, that can reach 
the surface.  The electron transfer creates the current, and the magnitude of the current 
can be used for determining the blocking and non blocking nature of the film to the redox 
process in the solution. Cyclic voltammetry involves the change in the potential across a 
working electrode and a reference electrode, in the solution and monitoring the resulting 
current which allow for the observation of both the oxidation and reduction of redox 
active species in the solution.  Typically, three electrodes are used in the CV experiment. 
In the study of electrochemical properties of a self-assembled monolayer on the surface, 
the gold slide with or without SAM is used as a working electrode, either the Ag/AgCl or 
standard calomel electrode (SCE) is performed as reference electrode and a platinum wire 
is used as counter electrode. The potential of the reference electrode is known and 
constant. Electrons flow between the working electrode and the counter electrode.  The 
diagram of the cyclic voltammetry setup is shown in figure 15.  
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Figure 15: Electrochemistry setup for the cyclic voltammetry experiment 
 
The solution consists of the redox species which can undergo the redox process (Ru2+/ 
Ru3+ and Ru3+/ Ru2+) and supporting electrolyte for the charge carrier. The potentiostat 
controls the potential between the working electrode and reference electrodes by passing 
current between the working and counter electrodes to retain the desired potential. In CV, 
the current in the electrochemical cell is measured as a function of potential. The 
potential difference between the working electrode and the reference electrode is cycled 
from a starting potential to the final potential and back to the starting potential. This cycle 
process produces the redox reaction at the working electrode and the plot of potential 
versus current is then produced.   
 
Potentiostat
Reference 
electrode
Counter electrode
Working electrode
Solution of 1 mM Ru(NH3)6Cl3
and 0.1 M Et4NCl
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In this study, the electrochemical experiments were performed using an EG&G Princeton 
Applied Research Potentiostat/Galvanostat Model 273.  A three-electrode setup was used 
with the SAM as the working electrode (a geometric area of 1 cm2 was exposed to 
electrolyte solution), either a Ag/AgCl or SCE is used as reference electrode, and a Pt 
wire counter electrode. CVs were measured with aqueous solution containing 1 mM 
Ru(NH3)6Cl3 with 0.1 M tetraethylammonium chloride (Et4NCl) as a supporting 
electrolyte. The cyclic voltammetry curves were obtained in the range of -0.5 to +0.2 V, 
with a scan rate of 50 mV/s and a scan increment of 1 mV.  The CV of the bare gold slide 
in a solution of Ru(NH3)6Cl3 was determined and showed the redox peaks of the 
Ru(NH3)6 
2+/3+.59, 81, 82 This data was used as the reference in order to determine the 
presence of SAM on the surface. The formation of SAM on the gold makes the gold less 
conducting and results in a decrease in current in the CV redox wave, therefore indicates 
the formation of a monolayer on the gold surface.59, 81, 82  An example of the CV of bare 
gold slide as a working electrode is shown in figure 16. 
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Figure 16: The cyclic voltammogram of bare gold in the presence of Ru(NH3)6Cl3 as a 
redox species 
 
In figure 16, the potential at an initial voltage (A) was started and scanned in the positive 
direction. At B, the potential has become positive enough to start a current between the 
redox species, and here the oxidation of the analyte at the working electrode occurred 
(Ru2+ change to Ru3+). The reaction continues at the working electrode until most of the 
species has oxidized, shown as the lowest peak of the current at C. The current then 
decreased for the rest of the forward scan until the potential scan was reversed (D). The 
scan in the negative direction proceeds similarly to that of the positive scan. The reaction 
continued at the working electrode (E) until most of the species has been reduced (Ru3+ 
change to Ru2+), shown as the highest peak of the current at F. Afterwards current 
decayed from this peak and the potential completed its cycle.  
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When the SAM is made from the sensor molecules, the phenomenon is different.  
Previous studies by Reinhoudt et al.81, 82 reported that a decrease in the current was 
determined by the addition of NaCl to the electrolyte, when the SAM of crown ether 
monolayer modified electrode was determined by CV (figure 17). Since the sensor 
modified electrode has the ability to capture a cation from the solution, the presence of 
positively charged ions on the surface lead to blocking of the redox process due to 
electrostatic repulsion between the positively charged SAM and the positively charged 
ruthenium species.  
                           
O
OO
O
O
SH  
 
Figure 17: Cyclic votammograms of a 12-crown-4 derivative modified gold electrode 
(structure shown on the right) in aqueous solution. The dotted CV is recorded in 100 mM 
Et4NCl + 1 mM Ru(NH3)6Cl3; the solid CV is recorded in 14 mM NaCl + 86 mM Et4NCl 
+ 1 mM Ru(NH3)6Cl3.
81 
 
 In this study, the CVs of the bare gold surface and SAM modified surface were 
measured in solution containing 1 mM Ru(NH3)6Cl3 with 0.1 M Et4NCl as a supporting 
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electrolyte in the absence of alkali cations (MCl), in order to determine the presence of 
SAM on the gold electrode. In another study, the CVs of SAM modified surface were 
performed with the solution of 1 mM Ru(NH3)6Cl3 and 0.1 M of MCl + Et4NCl, in order 
to study the ion binding phenomena. The concentration of MCl + Et4NCl was maintained 
to 0.1 M to ensure a constant concentration of the background electrolyte. 
 
Measurement for ion binding selectivity  
 
Fluorescence Spectroscopy 
Fluorescence emission spectra were obtained with a Perkin Elmer LS-50B Fluorimeter. 
The emission spectra were measured from 375 - 580 nm using the fixed excitation 
wavelength at 353 nm.  The excitation and emission slits width are 5.0 nm. The scan 
speed was 200 nm/min.  Fluorescence response was measured as a function of metal ion 
concentration where the metal ions (Li+, Na+, K+, NH4
+) were added as the 
hexafluorophosphate salts in 75:25 (v/v) DCM:THF. The highest concentrations of 
interfering ions used in this study are 15.7 mM for sodium, 0.27 mM for potassium and 
1.35 mM for ammonium ions. Fluorescence areas were determined by integrating the 
spectrum over a fixed wavelength range.  
 
Impedance Spectroscopy 
Impedance spectroscopy is widely used to examine the ion binding ability of surface 
sensor molecules.59, 80-82 For selectivity testing of compounds II and III on a gold 
surface, impedance spectroscopy was used to obtain capacitance values after titration 
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with alkali ions leading to a determination of the ion binding selectivity. The selectivity 
study by impedance spectroscopy was previously explained in chapter 1. In this chapter, 
the brief theory and concept of the technique will be described.  
 
Impedance is a measurement of the ability of a circuit to resist the flow of electrical AC 
current; however, the impedance value is dependent on the frequency. In general, the 
impedance technique involves a potentiostat and a frequency response analyzer.  
Electrochemical impedance is measured by applying an alternating (AC) potential to an 
electrochemical cell and measuring the resulting current through the cell in the different 
radial frequency (ω).  The relationship between radial frequency ω (radians/second) and 
frequency ν (hertz) is ω = 2piν. Electrochemical impedance is normally measured using a 
small excitation signal where the current response to a sinusoidal potential will be a 
sinusoid at the same frequency but shifted in phase (figure 18).104 
 
                                         
Figure 18: The current response to a sinusoidal potential at a desired frequency 104 
At the excitation signal, the potential expressed as a function of time, has the form: 
Et = E0 cos (ω t) 
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When, Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial 
frequency.  The response current, It, is shifted in phase (φ) and has different amplitude, I0: 
It = I0 cos (ωt - φ) 
From an expression analogous to Ohm's Law, the impedance of the system can be 
calculated as: 
 
 
Impedance is then expressed in terms of a magnitude, Z0, and a phase shift, φ.  By using 
Euler’s relationship; 
exp (iφ) = cos φ  + i sin φ 
It is possible to express the impedance as a complex function by describing the potential 
and current response as; Et = E0 exp (iωt) and It = I0 exp (iωt - φ). Therefore, the 
impedance is represented as a complex number, 
                         
The impedance Z (ω) is composed of a real and an imaginary part as shown from the 
above expression. When the real part is plotted on the X axis and the imaginary part is 
plotted on the Y axis, the resulting graph is called a Nyquist plot as shown in figure 19.  
Z (ω)  =           =   Z0 exp (iφ )  =  Z0 (cos φ +  i sinφ)  
E 
I 
Z (ω)=               =                            =    Z0
Et E0 cos (ωt)                    cos (ωt)
I t I0 cos (ωt - φ )              cos (ωt - φ)
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In this plot, the Y axis is negative and each point on the Nyquist plot is the impedance 
value at one frequency, represented as a vector, |Z|. The angle between the vector and the 
X-axis is the phase change (φ). 
 
                 
Figure 19: A Nyquist plot with Impedance vector 104 
 
The data from the Nyquist plots can be fit to a model circuit in which one of the 
components is the capacitance of the monolayer. In this study, a Randles equivalent 
circuit was employed by using non-linear least squares fitting to provide the capacitance 
value of monolayer.  A Randles circuit (figure 20) consists of a solution resistance (RS) in 
series with the parallel capacitance (CML) and resistance of the monolayer (RCT). A 
Warburg element is due to the diffusion limitation at low frequencies.   The capacitance 
of the monolayer-covered electrode, CML, is proportional to the dielectric constant of the 
monolayer as described previously in chapter 1.  
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Figure 20: The circuit model for impedance spectroscopy 
 
By analyzing the film at a fixed potential at a variety of applied frequencies, and fitting 
the data to the above circuit, the capacitance of the SAM can be obtained. Impedance 
measurements were performed with the same three-electrode setup used for cyclic 
voltammetry.  A 1255-HF frequency response analyzer was used in combination with the 
EG&G Princeton Applied Research Potentiostat/Galvanostat.  The impedance plots were 
obtained in a frequency range of 10 kHz to 0.1 Hz, at an applied DC voltage of -0.5 V vs 
Ag/AgCl, with AC amplitude of 5 mV. At least twenty five frequencies were used for 
each measurement and the impedance data was fitted to an equivalent circuit using the 
LEVMRUN software package for complex non-linear least square calculations.105  
 
Ion Selective Electrode (ISE) Testing   
For the study of ion binding in this work, particularly the selectivity testing of compound 
V in ISE format, potentiometry was used to obtain the potential value after the titration of 
metal chlorides that lead to the determination of the selectivity. The brief concept of this 
technique was previously explained in chapter 1. In this study, potentiometry experiments 
Rs
WRCT
CML
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were obtained with an EG&G Princeton Applied Research Model 273 
Potentiostat/Galvanostat.  A two-electrode setup was used with the ISE as the working 
electrode (a membrane area of 0.012 cm2 was exposed to the electrolyte solution), and a 
SCE reference electrode.  The ISE response was measured as a function of ion 
concentration using the relevant chloride salt in 100 mM Tris buffer (pH 7.2).   
 
Molecular Modeling Calculations  
Molecular modeling was preformed on a Dell Precision PWS 670 running Windows XP 
using the Molecular Operating Environment (MOE) version 2006.03 package (Chemical 
Computing Group Inc., Montreal, Quebec, Canada.).  The energy minimized structures of 
target compounds were calculated using two or three different force fields for 
comparative purposes, namely, AMBER94, MMFF94, and PEF95SAC.  Force field is a 
potential setup to configure the parameters and to manage restraint forces applied to the 
atoms.  The AMBER94 forcefield in MOE is parameterized for proteins and nucleic 
acids. The MMFF94 forcefield is parameterized for small organic molecules.  The 
PEF95SAC in MOE is parameterized for carbohydrates.  Calculations with each force 
field were carried out with a dielectric of 1 (gas phase), 5 (dichloromethane – DCM) or 
80 (aqueous environment), depending on the ion binding condition for each sensor 
format. For example, the ionophores used for microfluidic applications which the 
selectivity testing were preformed in aqueous environment; therefore, the dielectric 
constant at 80 was used in the calculation.  Before each conformational calculation the 
partial charges on the molecule were calculated using the corresponding force field.  A 
stochastic conformational search for the equilibrium geometry was followed by a 
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dynamics simulation using the NVT (constant particle number N, constant volume V and 
constant temperature T) statistical ensemble.  The dynamics simulation was performed 
for 20 ps, heating the structure to 400 K, equilibrated at 310 K and cooled to 290 K in the 
dynamics thermal cycle at a rate of 10 K/ps.  The lowest energy structure obtained from 
these dynamics calculations was then minimized again.  For all the calculations 
performed, the dynamic simulation resulted in a geometry that was either equal to, or 
lower in energy than the result obtained from the stochastic search.  Host - guest 
calculations were performed by introducing a metal ion into the centre of the host 
structures.  These systems were minimized, a dynamic simulation was performed and 
then the result minimized again as previously described.   
 
 
 
 
 
 
 
 
 71 
Chapter 3 
Lithium Fluoroionophore for Bulk Solution 
 
Lithium salts such as Li2CO3 have been used effectively as therapeutics for patients with 
manic-depressive disorders and hyperthyroidism.106  The lithium ion concentration range for 
therapeutic use in manic-depressive patients is 0.5 - 1.5 mM,106 a level that is lower than 
physiological concentrations of other similar cations such as sodium (137 - 146 mM)107 and 
potassium (3.5 - 5.0 mM)108 in adults.  The adverse side effect on the patients is observed 
when the Li+ level in blood is 2.0 - 2.5 mM.11  For physiological monitoring, a lithium 
ionophore or fluoroionophore must have high selectivity for lithium over other interfering 
ions.  
 
Macrocyclic polyesters or crown ethers bind alkali and alkaline-earth metal cations, and a 
number of ionophores, based on the crown ether structure, have been designed and 
synthesized for ion recognition.2, 17, 22, 25, 35, 39, 40, 109-112  Effective binding in these systems is 
facilitated by strong electrostatic interactions between the lone pair of electrons of the 
chelating crown ether ligand and the metal cation.  Steric factors and the ability of the 
flexible crown structure to undergo conformational change during the binding event also 
contribute to effective binding through both enthalpic and entropic factors.  Previous work 
has shown that a change in the size of the crown and the presence of bulky substituents on 
the crown can change the selectivity towards alkali ions, including the selectivity to lithium 
ions.4, 5, 7, 33, 37, 113-115  In addition, pre-organization of the binding site, i.e., where the ligand 
adopts a conformation in the absence of the metal ion that is similar to that in the presence of 
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the ion, (e.g. cryptands as shown in chapter 1, table 1) reduces the entropic cost of binding.  
The preferential complexation of lithium by small 12-, 13-, and 14- member rings of 
dibenzocrown ethers has been reported and these compounds have been tested as ion-
selective components in polymeric membrane electrodes.115  Of these, dibenzo-14-crown-4 
was the most selective for lithium ions and was approximately 10 times more selective for 
lithium over sodium ions when incorporated into an ISEs format.  The attachment of a 
methyl substituent to the quaternary carbon of 14-crown-4 improved the lithium/sodium 
selectivity, log KLi+,Na+ ~ -2.21.
114  The presence of the methyl group prevents the formation 
of sandwich type complexes, i.e. 2:1 crown: ion. (It is possible to form such complexes with 
ions that are too large to fit in the cavity of the crown ring, such as potassium and sodium 
ions.)  More recently, an enhancement in lithium/sodium selectivity was achieved by the 
addition of a decalino subunit to a 14-crown-4, log KLi+,Na+ ~ -3.0; however, it showed lower 
selectivity  log KLi+,Na+ ~ -2.5, when it was employed in the membrane of an ISE.
106 
 
A number of molecules have been proposed as new fluoroionophores for optical sensors, 
including lithium fluoroionophores.4, 5, 7, 9, 18, 24, 33, 113, 116  Many of the proposed fluoro- 
ionophores are based on crown ether structures.  For example, Habib Jiwan et al.,18 
Taziaux et al.116 and Bourson et al.9 constructed monoazacrowns and diazacrowns 
attached to coumarin 343 or coumarin 153 as a fluorophore.  These systems showed that 
the crown-coumarin 343 18, 116  was selective for calcium and magnesium ions while 
crown-coumarin 153 9 provided high affinity for barium and potassium ions.  Watanabe 
et al.24 constructed a lithium optical sensor using a highly selective neutral ionophore, a 
14-crown-6 derivative, with an anionic diphenylamine type dye.  Binding of the ion was 
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signaled by a change in absorption at 516 nm.  The system exhibited an estimated 
selectivity log KLi+,Na+ < -4.0 when incorporated into an optode.  Our laboratory has 
recently reported synthetic and complexation studies of a fluoroionophore made for the 
detection of lithium ions that was based on a calix[4]arene with an azacrown-3 moiety.  
In this compound, the calix[4]arene group acts as a rigid base for the azacrown, creating a 
pre-organized structure with an appropriately sized binding site for lithium ions.  This 
compound exhibits high affinity for lithium ions and showed high selectivity and high 
sensitivity, e.g. log KLi+,Na+ = -3.8, and a greater than 106 fold enhancement of 
fluorescence response (against the fluorescence response before the addition of ion).7, 33 
 
In the present study we describe the synthesis and complexation studies of a 
macromolecule based on diazacrown ether that is covalently-bound to anthracene.  This 
molecule dispenses with the calix[4]arene group, which adds a substantial degree of 
synthetic complexity, in favor of a simple bridging group that is more accessible 
synthetically, but which still provides a semi-rigid framework with a high degree of pre-
organization.  Thus, compound I is a bicyclic system that provides a cavity appropriately 
sized for the lithium ion (ionic radius = 0.68 Å) and is therefore expected to discriminate 
against other interfering cations.  This fluoroionophore acts as an off-on fluorescence 
switch that is triggered by ion complexation, i.e., in the absence of cations, the tertiary 
amine group quenches the anthryl excited singlet state by intramolecular photo induced 
electron transfer (PET), while in the presence of complexed cations, the electrostatic field 
of the ion disrupts the PET process, thereby switching on the anthryl fluorescence 
emission. The PET mechanism was previously explained in chapter 1. 
 74 
The synthesis, characterization and testing of 21-(9-anthrylmethyl)-4,17,13,16-tetraoxa-
1,10,21-triazabicyclo[8.8.5] tricosane-19,23-dione, (I) figure 21-left, as a lithium 
fluoroionophore is reported in this chapter.  The results show that I provides high 
sensitivity for lithium ions and is selective over sodium and potassium ions.  These 
results are compared to those previously reported for the calix[4]arene molecule7, 33 
previously reported by this laboratory (figure 21-right). 
 
 
 
 
 
 
     
 
Figure 21: 9-anthryl-calix[4]arene-azacrown-3, (right), 21-(9-anthrylmethyl)-4,17,13,16-
tetraoxa-1,10,21-triazabicyclo [8.8.5] tricosane-19,23-dione, (I), (left)  
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Lithium Fluoroionophore Experiments 
 
Synthesis of I. (Scheme 5) 
All NMR and Mass Spectroscopy data are given in Appendix A1. 
The fluoroionophore I was synthesized according to scheme 5.  
 
Scheme 5. 
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Preparation of 9H-9-fluorenylmethyl-19,23-dioxo-4,7,13,16-tetraoxa-1,10,21-triaza 
bicyclo[8.8.5]tricosane-21-carboxylate, (I-2)    
In a round bottom flask, 1.78 g (5.00 mmol) of N-Fmoc-iminodiacetic acid was dissolved 
in 15 mL (21 eq.) thionyl chloride and the solution was refluxed for 30 min to achieve I-
1.  The thionyl chloride was then removed under vacuum, at 40°C for 2 hours.  Without 
further purification, the residue was dissolved in 250 mL anhydrous dichloromethane 
(DCM) to which 1.31 g (1 eq.) diaza-18-crown-6 and 2.6 mL (3 eq.) of 
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diisopropylethylenediamine (DIPEA) were added.  The mixture was stirred for 7 hours.  
The DCM and DIPEA were then removed under vacuum, and the residue was redissolved 
in 100 mL DCM.  The solution was washed three times with 100 mL 2 M HCl, once with 
100 mL of water and then dried over MgSO4.  The DCM was then removed under 
vacuum, at 40 °C, to yield a white solid.  The product (I-2) was obtained by flash 
chromatography (Biotage Flash 40 column 15 cm x 7 cm, DCM: methanol 15:1) to yield 
2.03 g of a white solid, yield 70 %.  Rf = 0.5 (15:1 DCM: methanol); mp =  181-182 º C; 
1H-NMR (400 MHz, CDCl3),  δ 2.64-2.82 (m, 2H), 2.92-3.09 (m, 2H), 3.50-3.87 (m, 
16H), 3.88-3.98 (m, 2H), 4.05 (d, J =16.67 Hz, 1H), 4.13 (d, J =16.67 Hz, 1H), 4.22-4.35 
(m, 2H), 4.36-4.47 (m, 2H), 4.47-4.55 (m, 1H), 4.58 (d, J =16.67 Hz, 1H), 4.81 (d, J 
=16.67 Hz, 1H), 7.25-7.44 (m, 4H), 7.56-7.67 (m, 2H), 7.74 (d, J =7.58 Hz, 2H); 13C-
NMR (100 MHz, CDCl3), δ 47.3 (CH), 47.7 (CH2), 47.8 (CH2), 49.2 (CH2), 49.4 (CH2), 
50.4 (CH2), 50.4 (CH2), 67.5 (CH2), 67.7 (CH2), 68.1 (CH2), 70.5 (CH2), 70.6 (CH2), 71.0 
(CH2), 71.1 (CH2), 71.7 (CH2), 71.9 (CH2), 119.9 (CH), 120.0 (CH), 125.4 (CH), 125.7 
(CH), 127.2 (CH), 127.3 (CH), 127.6 (CH), 127.7 (CH), 141.4 (CH), 141.4 (CH), 144.2 
(CH), 144.5 (CH), 157.4 (C=O), 168.9 (C=O), 169.2 (C=O). 
 
Preparation of 4,7,13,16-tetraoxa-1,10,21-triaza-bicyclo[8.8.5]tricosane-19,23-dione, 
(I-3) 
In a round bottom flask 0.49 g (0.84 mmol) of I-2 was dissolved in 20 mL of 20 % 
piperidine in DCM, and the solution was stirred for 30 min.  The DCM and piperidine 
were removed under vacuum, at 40 °C, to yield a light yellow gum.  The product (I-3) 
was obtained by flash chromatography (Biotage Flash 40 column 15 cm x 7 cm, MeOH: 
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Et3N 25:1) to yield 0.28 g of an off-white solid, yield 93 %.  Rf = 0.4 (25:1 MeOH: Et3N); 
mp. 279-280 °C;  1H-NMR (400 MHz, MeOD), δ 2.81-2.88 (m, 2H), 3.29-3.39 (m, 2H), 
3.53-3.92 (m, 20H), 4.19 (d, J =16.67 Hz, 2H), 4.32-4.51 (m, 2H); 13C-NMR (100 MHz, 
MeOD), δ 48.9 (2CH2), 49.4 (2CH2), 51.3 (2CH2), 69.0 (2CH2), 72.0 (2CH2), 72.4 
(2CH2), 72.5 (2CH2), 170.0 (2C=O). 
 
Preparation of 21-(9-anthrylmethyl)-4,17,13,16-tetraoxa-1,10,21-triazabicyclo[8.8.5] 
tricosane-19,23-dione, (I) 
In a round bottom flask 0.22 g (0.61 mmol) of I-3 was dissolved in 100 mL of anhydrous 
1,4-dioxane to which 0.14 g (1 eq.) of 9-chloroanthracene and 0.26 mL (3 eq.) 
triethylamine (NEt3) were added.  The solution was then refluxed for 24 hours.  The 
solvent was removed under vacuum then 50 mL of 2 M HCl and 50 mL DCM were 
added.  The aqueous phase was extracted twice with 30 mL DCM, and the organic phase 
was collected.  Then the organic phase was extracted once with 30 mL of 2 M NaOH and 
once with 30 mL water and dried over MgSO4.  The result solution was then removed 
under vacuum, at 40 °C, to yield a yellow solid.  The product (I) was purified on 
preparative thin layer chromatography plates, run in the dark (DCM:MeOH 15:1 eluent), 
to yield 0.24 g of an off-white solid, yield 71 %.  Rf = 0.4 (15:1 DCM: MeOH); 
1H-NMR 
(400 MHz, CDCl3), δ 2.48-2.60 (m, 2H), 2.81-2.95 (m, 2H), 3.34 (d, J =16.17 Hz, 2H), 
3.50-3.93 (m, 18H), 4.13 (d, J =16.17 Hz, 2H), 4.53-4.70 (m, 2H), 5.11-5.32 (m, 2H), 
7.38-7.63 (m, 4H), 7.97 (d, J =8.34 Hz, 2H), 8.39 (s, 1H), 8.73 (d, J =8.84 Hz, 2H); 13C-
NMR (100 MHz, CDCl3), δ 48.4 (2CH2), 50.1 (2CH2), 51.7 (CH2), 51.9 (2CH2), 68.9 
(2CH2), 70.7 (2CH2), 71.0 (2CH2), 71.9 (2CH2), 125.1 (2CH), 126.0 (2CH), 126.0 (2CH), 
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127.7 (CH), 128.9 (2CH), 130.6 (CH), 131.6 (2CH), 132.1 (2CH), 171.8 (2C=O).  ESI-
MS spectrum shows signal at 550.3 m/z consistent with C31H39N3O6 (M+H
+) calc. 550.7 
m/z, and 572.5 m/z consistent with (M+Na+) calc. 572.7 m/z. 
 
Fluorescence measurements.   
Fluorescence emission and excitation spectra of I were obtained with a Perkin Elmer LS-
50B Fluorimeter using 25:75 THF: DCM as solvent, with an excitation wavelength λ = 
353 nm.  Typical solutions were made with fluoroionophore I (7.53 x 10-6 M) and 
benzyltrimethylammonium hydroxide (BTMAH) 3.31 x 10-5 M as a proton scavenger.  
Metal ions were added as the hexafluorophosphate salts.  Fluorescence was measured as a 
function of metal ion concentration.  Fluorescence intensity was determined by 
integrating the spectrum over a fixed wavelength range (375 - 580 nm). 
 
Molecular Modeling Experiments. 
The energy minimized structure of I was calculated using three different force fields for 
comparative purposes, namely, AMBER94, MMFF94, and PEF95SAC.  Calculations 
with each force field were carried out with a dielectric of 1 (gas phase), 5 
(dichloromethane - DCM) and 80 (aqueous environment).  
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Lithium Fluoroionophore Results and Discussion 
 
A major motivation for this work was the design of a lithium fluoroionophore with a high 
sensitivity and selectivity with a significantly reduced synthetic effort over that which 
was used in our previous study of a calix[4]arene azacrown-3 system.7, 33  The design of 
bicyclic fluoroionophore was inspired from the highly selective ionophore cryptands. The 
presence of the second ring provides the higher degree of preorganisation which results in 
high selectivity. In addition, it has been reported that the bicyclic system linked together 
with amine linkage suffers from the pH sensitivity;43, 51 in this work therefore the amide 
linkages are employed to the fluoroionophore to overcome this difficulty.  
 
In this and other studies,1, 4-7, 33, 113, 117-119 we found that molecular modeling and 
molecular dynamics was a good predictive tool for selectivity. Molecular modeling, 
synonymous with molecular mechanics, is a method to calculate the structure and energy 
of molecules based on nuclear motions.  Molecular modeling can be used to calculate the 
potential energy of the molecule in the system.  Molecular dynamics provides 
information about the dynamic processes with the temperature effect to the conformation 
of the molecule. The method to calculate the minimize structure of the compound was 
previously described in chapter 2 (page 69).  As a consequence we have employed a 
variety of computational approaches here to determine the suitability of our chosen 
bicyclic fluoroionophore structure as a lithium sensor.  
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Computational studies were carried out for I in both its unbound (metal ion-free) and 
bound states.  The energy minimized structures of target compounds were calculated 
using three different forcefields, namely, AMBER94, MMFF94, and PEF95SAC, for 
comparative purposes.  Force field is a potential setup to configure the parameters and to 
manage restraint forces applied to the atoms.  The AMBER94 forcefield in MOE is 
parameterized for proteins and nucleic acids. The partial charges are dictionary based; in 
MOE, non-dictionary charges are set to Gasteiger charges. The polar hydrogens have 
zero van der Waals radii.  The MMFF94 forcefield is parameterized for small organic 
molecules.  The partial charges are based on bond charge increments.  This forcefield is 
suitable for use with Gernalized Born solvation models. The PEF95SAC in MOE is 
parameterized for carbohydrates.  Partial charges are based on bond-charge increments 
that reproduce the original dictionary charges.  Calculations with each force field were 
carried out with a dielectric of 1 (gas phase), 5 (dichloromethane – DCM) or 80 (aqueous 
environment) for comparative purposes.   
 
Table 2 shows the results of the minimized energies for the metal complexes with I, for 
each force field and dielectric constant.  The force fields used in this study were chosen 
for their relevance to small molecule calculations and to host–guest binding studies.  The 
MMFF94 force field has been widely used for calculations on small molecules, for the 
study of receptor-ligand interactions119 and for the study of the competitive binding of 
metal ions with dibenzo-30-crown-10.1  The AMBER force field has been widely used 
for macromolecules but also to calculate cation selectivity of dibenzo-18-crown-6 and 
dibenzo-30-crown-10.118  The PEF95SAC potential was developed for carbohydrates; 
 81 
however, this potential has been employed in this laboratory to calculate the partial 
charge of ion-crown complexes in previous studies.4-7, 33, 113, 117 
 
Table 2: The results of the minimized energies (kcal/mol) for the metal complexes with 
I, for each force field and dielectric constant 
 
AMBER 94 MMFF94 PEF95SAC 
Ion  
Water DCM 
 
Gas 
 
Water 
 
DCM 
 
Gas 
 
Water 
 
DCM 
 
Gas 
Li+ -59.6 -50.9 -19.8 58.3 68.9 135.5 -1049.8 -806.8 N/A 
Na+ -39.6 -32.2 -4.2 89.3 99.2 154.1 -1038.2 -800.2 N/A 
K+ -7.9 2.6 22.1 123.8 128.3 178.7 -1014.5 -776.6 N/A 
N/A   could not perform a calculation due to an unstable complex 
 
The stability of the complexes gradually decreases from Li+ to K+ for every force field 
and dielectric.  For each force field the lowest complexation energy was found when the 
highest dielectric constant was used for the environment.  The highest complexation 
energy was found for a dielectric constant of 1.  By comparing the relative differences in 
the complexation energy in each set of calculations, the complex of I with a lithium ion 
was found to be significantly more stable than the corresponding complexes for sodium 
ions (6-30 kcal/mole higher energy) and potassium ions (30-65 kcal/mole higher energy).  
Figure 22 shows the results of molecular dynamics calculations for I in the complexed 
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state with lithium, sodium and potassium ions using MMFF94 (2a) and AMBER94 (2b) 
with a dielectric constant of 5. 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
Figure 22:  Minimized structures of I with Li+ (left), Na+ (center) and K+ (right) using 
MMFF 94 (2a, top row) and AMBER 94 (2b, bottom row) 
 
For all three systems the molecular modeling shows that the ions are located almost 
centrally within the cavity although the structure of the ligand is closed around the 
lithium ion and more open around the larger sodium and potassium ions.  The closed 
Li+                                         Na+                                      K+
MMFF 94
AMBER 94
2a
2b
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structure of the lithium complex may contribute in part to the lower energy of this 
complex since the smaller ion-oxygen atom distances may afford a stronger electrostatic 
interaction.  Binding of different ions to an ionophore results in different geometries in 
the ion-ionophore complex; for example the calculated distances for the metal ion to the 
bridge amine are 3.8 Å, 3.4 Å and 3.7 Å for Li+, Na+ and K+ respectively using the 
MMFF94 force field,  as shown in figure 22.  Qualitative electrostatics calculations were 
also performed on the minimized structures to determine the magnitude of charge 
densities on the ligand (figure 23).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23:  Electrostatic computational results of compound I in uncomplexed state 
(upper picture) and complexed state (lower picture). The magnitude of electron density 
decreases in the order: red > green > blue. 
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This modeling predicts that the electron densities on the crown ether oxygen atoms as 
well as on the bridge amine are lower when the lithium ion is bound.  Lower electron 
density on the bridge nitrogen atom is expected to disrupt the photo induced electron 
transfer (PET) process and result in higher fluorescence emission. 
   
Because of 2:1 sandwich complexes of large ions to smaller ionophores, the energy 
minimization was also attempted on a sandwich complex of I with sodium ions.  The 
results using the MMFF94 potential show that the energy of this sandwich complex is 
significantly higher than the corresponding 1:1 complex described above. This result 
supports the view that the pre-organized design of compound I can limit the possibility of 
2:1 sandwich-type complexes forming with larger cations, leading to the assumption that 
I may provide 1:1 ratio of ionophore and ion.  
 
Compound I was prepared in a conventional four step synthesis as shown in scheme 5.  
N-Fmoc-iminodiacetic acid was converted to N-Fmoc-iminodiacetic acid chloride (I-2) 
using thionyl chloride.   
O
O
OH
N
O O
OH
O
O
Cl
N
O O
Cl
SOCl2
reflux, 30 min
I-1
 
The reactive diacid chloride was then reacted with the secondary amine groups of diaza-
18-crown-6, resulting in acylation and cyclization to achieve I-2.  Carboxylic acid 
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chloride was chosen for use because it reacts rapidly with most amino groups to give 
amide compounds. A general mechanism is shown in scheme 6.120   
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In this mechanism, the nucleophilic species undergoes addition at the carbonyl group, 
followed by elimination of the hydrogen halide.  The acyl halide is a reactive acylating 
reagent because of a combination of the inductive effect of the halogen on the reactivity 
of the carbonyl group and the ease with which the tetrahedral intermediate can expel the 
relatively good leaving group.120 
 
In this strategy, the cyclization step was the most difficult step.  The concentration of 
reagents in this reaction played an important role.  The reactants needed to be dilute to 
avoid dimerization and polymerization; however, the reaction still required an 
appropriate concentration to provide a good yield.  The concentration that was found to 
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be optimum for this reaction was 1 mmol solute per 50 mL solvent, providing a 70 % 
yield. 
 
The 1H-NMR and 13C-NMR spectra shown below and in Appendix A1, confirms that the 
product from the cyclization (I-2) was formed. The 1H-NMR spectrum of I-2 exhibits 
two multiplets at δ 2.64-2.82 (2H) and δ 2.92-3.09 (2H) due to the two non-equivalent 
methylene groups connected to the nitrogen atoms of the diazacrown moiety.  The series 
of multiplets and doublets at δ 3.50-4.55 are due to the methylene and CH-group of the 
Fmoc moiety.  Two non-equivalent methylene protons are seen as two doublets at δ 4.58 
and 4.81.  The aromatic protons appear as multiplets at δ  7.25-7.44 (4H), 7.56-7.67 (2H) 
and doublet at δ 7.74 (2H).   
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The 13C-NMR spectrum is less ambiguous than the 1H-NMR spectrum. The 13C-NMR 
spectrum of I-2 exhibits a signal at δ 47.3 due to the sp3-carbon of the Fmoc group.  The 
signals at δ 47.7, 47.8, 49.2, 49.4, 50.4 and 50.4 belong to non-equivalent sp3-carbons 
connected to the nitrogen atoms of the bicyclic compound; while the signals at δ 67.5, 
67.7, 68.1, 70.5, 70.6, 71.0, 71.1, 71.7 and 71.9 are non-equivalent methylene carbons 
bonded to oxygen atoms.  The signals at δ 119.9, 120.0, 125.4, 125.7, 127.2, 127.3, 
127.6, 127.7, 141.4, 141.4, 144.2 and 144.5 are due to the aromatic sp2-carbons.  Three 
quaternary carbons (C=O) appear downfield at δ 157.4, 168.9 and 169.2.  
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The Fmoc group of I-2 was then cleaved by treatment with 20% piperidine in DCM. 
O
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N
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N
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I-3
 
As previously described in chapter 1 (orthogonal protection groups), the Fmoc group is a 
set of protecting groups that are cleaved by β–elimination reactions.93  The successful 
deprotection is confirmed by 1H-NMR and 13C-NMR spectra.  1H-NMR spectrum of I-3 
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exhibits the series of peaks from δ 2.81 to 4.51 due to the methylene groups.  The 
absence of the multiplets and doublet of the aromatic protons at δ 7.25-7.74 ppm 
confirms the successful deprotection step.   
 
 
 
The 13C-NMR spectrum of I-3 exhibits signals at δ  48.9, 49.4, 51.3, 69.0, 72.0, 72.4 and 
72.5 due to the sp3-carbons.  The absence of the aromatic sp2-carbons signals at δ 119.9-
144.5 further confirms the successful deprotection.  Two equivalent quaternary carbons 
(C=O) appear downfield at δ 170.0. 
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N-alkylation of the secondary amine (I-3) with 9-chloroanthracene in the presence of 
triethylamine was the last step to achieve compound I.  The reaction between aryl halides 
and secondary amines is usually an effective method for the preparation of tertiary 
amines.121  In the presence of base, the secondary amine acts as a nucleophile to attack 
the arylmethyl group of 9-chloroanthracene, resulting in a nucleophilic substitution 
reaction yielding compound I as the product.   
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The 1H-NMR, 13C-NMR and ESI-MS confirm that compound I was formed.  The 1H-
NMR spectrum exhibits a series of peaks from δ 2.48 to 4.70 due to the methylene 
groups.  The two non-equivalent methylene protons connected to the anthracene moiety 
were observed as a multiplet at δ 5.11-5.32.  The aromatic protons appear as a multiplet 
at δ  7.38-7.63 (4H), doublets at δ 7.97 (2H) and 8.73 (2H), and a singlet at δ 8.39 (1H).   
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The 13C-NMR spectrum exhibits signals at δ 48.4, 50.1, 51.7 and 51.9 due to non-
equivalent sp3-carbons connected to the nitrogen atoms of the bicyclic compound, while 
the signals at δ 68.9, 70.7, 71.0 and 71.9 are due to non-equivalent methylene carbons 
connected to the oxygen atoms.  The signals at δ 125.1, 126.0, 126.0, 127.7, 128.9, 130.6, 
131.6, 132.1, and 132.1 are due to the aromatic sp2-carbons.  Two equivalent quaternary 
carbons (C=O) appear downfield at δ 171.8.  
 
 
 
The ESI-MS spectrum shows a signal at 550.3 m/z consistent with C31H39N3O6 (M+H)
 +, 
and a signal at 572.5 m/z consistent with (M+Na)+. 
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Emission spectra of I 
Based on the modeling studies described previously, we predicted that I should exhibit 
high selectivity for lithium ions over interfering ions such as potassium and sodium.  
Figure 24 shows the fluorescence spectra obtained for I in the absence and presence of 
lithium ions in 75:25 DCM:THF.  This solvent mixture was chosen to facilitate solvation 
of the fluoroionophore and the metal ions.  Since it is possible that protonation of the 
bridging nitrogen atom that is attached to the methylene anthryl group in I can block the 
electron transfer process, the organic base, benzyltrimethyl ammonium hydroxide 
(BTMAH), was added to all solutions as a proton scavenger.  The addition of base to 
solutions of I in the absence of lithium ions caused an approximate 3-fold decrease in the 
fluorescence intensity, consistent with a deprotonation effect.7, 33  The fluorescence 
behavior of I clearly demonstrates the PET off-on switching mechanism that occurs in 
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response to ion complexation.  In the absence of alkali ions, the fluorescence response is 
at a minimum while the emission increases in the presence of lithium 
hexafluorophosphate.  
   
Figure 24.  Fluorescence emission spectra (λex 353 nm) of 1 (7.53 x 10
-6 M) in 75:25 
DCM:THF with added BTMAH (3.31 x 10-5 M) as a function of [Li+].  
 
Fluoroionphore I shows high sensitivity to lithium ions, demonstrating a nearly 200-fold 
enhancement of the fluorescence intensity upon the addition of lithium ions. This 
sensitivity was calculated by comparing the area of the emission spectra in the absence of 
the ion and in the presence of 57 µM Li+ (concentration at plateau shown in figure 24).  
This observed enhancement is considerably more than that reported in previous studies of 
other fluoroionophores.  For example, the fluorescence enhancement observed for other 
alkali metal ion sensors were 60-fold for 9-anthryl-azacrown-6, a potassium ionophore,4 
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8-fold for 9-anthryl-calix[4]arene-azacrown-5, another potassium ionophore,4 and 106-
fold for 9-anthryl-calix[4]arene-azacrown-3, a lithium fluoroionophores.33  
 
Interestingly, the fluorescence responses of I and 9-anthryl-calix[4]arene-azacrown-333  
are different.  By using the Rehm-Weller equation as aforementioned in chapter 1 (pages 
31-32), the PET process can be operated, the system must have a negative free energy 
change, ∆G PET.  In this system, it is also possible that not only the amine nitrogen atom 
but also the amide groups are contributing to the PET mechanism.  In the absence of ion, 
the fluorescence of the anthryl group is substantially quenched by intramolecular photo 
induced electron transfer from the free electron pair of the nitrogen atom at the amine 
bridge and/or in the amide groups to the anthryl group.  In the presence of a complexed 
ion, the electric field of the ion disrupts the PET process, causing a substantial increase in 
anthryl fluorescence emission in which the magnitude of sensitivity is relative to the type 
and concentration of the ions. The lithium–fluoroionophore complexation illustrates very 
high sensitivity with 192-fold enhancement of fluorescence response over the non-
complexed fluoroionophore. This enhancement in sensitivity could due to efficient PET 
from the amine bridge and/or amide groups, as well as the location of the ion relative to 
the electron lone pair on the amine nitrogen atom and to the anthryl fluorophore.  The 
effect of charge density on the electrostic interaction between the metal ion and the 
nitrogen lone pair was mentioned earlier and this effect is strongly distance dependent.  
Modeling studies of I indicate that the most stable lithium ion-fluoroionophore complex 
possesses a Li+····N distance of 3.8 Å, which is almost identical to that found previously 
for 9-anthryl-calix[4]arene-azacrown-3.33  The smaller enhancement observed in 9-
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anthryl-calix[4]arene-azacrown-3 upon binding Li+ is thought to be due to pi interactions 
which has been previously observed for the 1,3 alternate calix[4]arenecrown-54 and other 
host-guest molecules.34, 122-124 
 
Selectivity Studies 
Selectivity was calculated by a method that is similar to the separate solution methods 
(SSM) used in ion selective electrode applications.3, 6, 117 The calculation for ion binding 
selectivity was previously described in chapter 1, section 1.4. Using the expression: 
 
Log K i,j = log ([i]/[j]) 
 
where [j] is the concentration of interfering ion that provides the maximum fluorescence 
response,  [i] is the concentration of the analyte ion that produces the same fluorescence 
response as the maximum fluorescence produced by the interfering ion and as such 
represents the minimum unambiguous detection limit of the analyte ion, as determined 
from Figure 25. 
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Figure 25:  Normalized emission area of I (7.53 x 10-6 M) in 75:25 (v/v) DCM:THF with 
added BTMAH (3.31 x 10-5 M) versus the concentration of various alkali metal ions and 
ammonium ion: Li+, Na+, K+, NH4
+. 
 
 Figure 25 shows the dependence of the integrated emission intensity of I as a function of 
cation concentration for lithium, sodium, potassium and ammonium ions.  The values in 
the plot are normalized to the fluorescence intensity in the absence of the ion.  These 
results illustrate the high selectivity of I to lithium in comparison with interfering ions.  
The results show that the integrated fluorescence intensity increases as a function of 
added ion until it reaches a plateau, beyond which it is constant up to the maximum 
concentration tested.  The highest concentrations of interfering ions used in this study are 
15.7 mM for sodium, 0.27 mM for potassium and 1.35 mM for ammonium ions. 
 
The selectivity values calculated from Figure 6 for lithium versus sodium, and lithium 
versus potassium ions are, log KLi+,Na+ ~ -3.36 and log KLi+,K+ ~ -1.77 respectively. 
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However, these concentrations represent the solubility limit of the sodium and potassium 
salts used, and therefore the selectivity should be regarded as a lower limit only.  It 
should be noted that the potassium hexafluorophosphate salt was less soluble and it was 
limited to a maximum concentration of 0.27 mM which may have caused the selectivity 
of lithium over sodium to appear to be higher than lithium over potassium.  In fact, the 
actual ionic radius of potassium is larger than that of sodium (K+= 1.33 Å and Na+ = 0.95 
Å), and the molecular dynamic calculations show that the potassium complex is 
approximately 29 kcal/mole less thermodynamically stable than the sodium complex; 
therefore, the lithium over potassium selectivity would be expected to be greater than the 
lower limit calculated here. 
 
The observed selectivities were slightly lower than values previously reported for non-
pre-organized sensors such as a crown ether derivative 24 or a calixarene 7, 33 type sensor. 
However, this new class of fluoroionophore provides very high sensitivity and ease of 
synthesis which make this bicyclodiazacrown fluoroionophore useful for future sensor 
applications. 
 
Interestingly, figure 6 also shows that I has some sensitivity towards ammonium ion.  
Compound I exhibits the following selectivities NH4
+ over Na+ (log KNH4+,Na+ ~ -1.59), 
NH4
+ over K+  (log KNH4+,K+ ~ -1.34).  While ammonium ions are not normally found in 
blood samples, the analysis of blood for urea, creatinine and other blood urea nitrogen 
(BUN) compounds involves the enzymatic conversion of these compounds into 
ammonium ions and the measurement of the latter.  Therefore, the results of this study 
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may play an important role not only in the design of future lithium sensors but also 
ammonium sensors. 
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Conclusion of Lithium Fluoroionophore work 
 
The 21-(9-anthrylmethyl)-4,17,13,16-tetraoxa-1,10,21-triazabicyclo[8.8.5]tricosane-19, 
23-dione, I, can be used to selectively complex with lithium ions in organic solutions and 
act as a fluoroionophore.  In the absence of the ion, the fluorescence of the anthryl group 
is substantially quenched by intramolecular electron transfer (PET) from the amine 
bridge nitrogen to the anthryl group.  In the presence of a complexed ion, the electric 
field of the ion disrupts the PET process, causing a substantial increase in anthryl 
fluorescence emission in which the magnitude of sensitivity is relative to the type and 
concentration of the ions.  The lithium-fluoroionophore complexation illustrates very 
high sensitivity by enhancement in fluorescence response of > 192 fold.  The molecular 
dynamics calculations predict high selectivity of I for lithium ions over sodium and 
potassium ions. Based on the observed fluorescence behavior, the selectivity was 
calculated to be log KLi+,Na+ ~ -3.36 and log KLi+,K+ ~ -1.77.  These values are regarded as 
lower limits due to the limited solubility of the sodium and potassium salts used in the 
experiments.  Compound I also exhibits the selectivity for ammonium ion over sodium 
ion (log KNH4+,Na+ ~ -1.59), and ammonium ion over potassium ion (log KNH4+,K+ ~ -1.34).  
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Chapter 4 
 
Surface-Based Lithium Ionophore 
 
Modification of gold surfaces with self-assembled monolayers (SAMs) of organic 
compounds has received considerable interest due to potential applications such as 
wettability control,74, 125 photovoltaic devices, and microsensors.126  Typically, the use of 
SAMs in sensor technology has employed electrochemical techniques to transduce the 
binding of analyte in aqueous media.  CV and EIS techniques are usually used to detect 
an analyte binding to SAMs by measuring changes in conductivity or capacitance.68, 86, 87   
 
In the previous chapter, we reported the design, synthesis, and testing of a highly 
selective new lithium fluoroionophore in an organic solution.  Monitoring of Li+ in blood 
is necessary for patients who suffer from manic depressive and hyperthyroidism illnesses 
and who are treated with lithium salts.  Ultimately, our goal is to build a sensor that can 
be used in aqueous environments and to do this, the ionophore moiety was synthesized in 
such a way to attach the moiety to the gold surface in order to monitor the transduction 
mechanism in aqueous media.  In chapter 3, we presented the successful work of a 
lithium fluoroionophore which provide the high selectivity for Li+ against the interfering 
ions, +4NH , Na
+, and K+ in solution, log KLi+,Na+ ~ -3.36 and log KLi+,K+ ~ -1.77.  In this 
chapter, we report further work and the results for a Li+ sensor fabricated as a SAM 
electrode on a gold surface.  The SAM comprises a single molecular layer of a bicyclic 
structure shown in figure 26.   
 102 
     
O
S
N OO
O O
N
OO
N
Gold
  
Figure 26:  Structure of the Li+ ionophore, II, on a gold surface. 
 
The compound shown in figure 26 consists of a 4,7,13,16-tetraoxa-1,10,21-triaza-bicyclo 
[8.8.5]tricosane-19,23-dione attached to a 16-mercaptohexadecanoic acid.  Compound II 
was designed following a similar approach that was used for our previously reported 
ionophores and fluoroionophores.4-6, 23, 33  Molecular modeling of the bicyclic structure 
showed that it provides a semi-rigid framework and size fit for a lithium ion.  A 
hexadecanethiol molecule was used to form a relatively ordered self-assembled 
monolayer on gold, with the bicyclic moieties exposed on the surface.  The lithium ion 
binding ability of the surface-bound sensor was monitored by CV and EIS according to 
procedures previously described by Reinhoudt and others.59, 81, 82 
 103 
Lithium Ionophore Experiments 
 
Synthesis of II.  
All NMR and Mass Spectroscopy data are given in Appendix A2. 
The ionophore II was synthesized according to schemes 7 and 8 described below. 
Scheme 7. 
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Preparation of compounds I-1, I-2, and I-3 were obtained in the same manner as 
described in chapter 3. 
 
Preparation of 21-(16-bromo-hexadecanoyl)-4,7,13,16-tetraoxa-1,10,21 triazabicyclo 
[8.8.5] tricosane-19,23-dione, II-1.  In a round bottom flask, 0.99 g (3.00 mmol) of 16-
bromohexadecanoic acid was dissolved in 15 mL (21 eq.) of thionyl chloride.  The 
solution was heated at reflux for 30 minutes.  Thionyl chloride was removed under 
reduced pressure at 40°C.  The coupling procedure of acid chloride and secondary amine 
was modified from the previous literature.127  The residue was dissolved in 30 mL of 
anhydrous dichloromethane.  To this solution, 1.11 g (3.10 mmol) of I-3 and 1.4 mL 
(7.70 mmol) of DIPEA were added.  The mixture was stirred at room temperature for 1 
day.  DIPEA and solvent were removed from the solution by evaporation of the solvent 
mixture under reduced pressure, and the residue was redissolved in 100 mL of 
dichloromethane.  The solution was washed three times with 100 mL of 2 M HCl, once 
with 100 mL of water, and finally dried over anhydrous MgSO4.  The solvent was 
removed under reduced pressure and the product was finally purified by column 
chromatography (DCM:CH3OH 20:1) to yield a yellow oil of II-1.  Yield: 0.96 g (72%); 
Rf: 0.32 (DCM:CH3OH 20:1), 
1H-NMR (400 MHz, CDCl3):  δ 1.10-1.49 (m, 22H), 1.56-
1.75 (m, 2H), 1.78-1.92 (m, 2H), 2.29-2.42 (m, 2H), 2.62-2.74 (m, 1H), 2.74-2.87 (m, 
1H), 3.11-3.09 (m, 2H), 3.41 (t, J=6.82, 2H), 3.44-3.77 (m, 16H), 3.77-4.03 (m, 4H), 
4.17-4.45 (m, 4H). 13C-NMR (100 MHz, CDCl3): δ 25.2 (CH2), 28.2 (CH2), 28.8 (CH2), 
29.5 (CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 32.8 (CH2), 32.9 (CH2), 34.2 (CH2), 45.5 
(CH2), 48.4 (CH2), 49.3 (CH2), 49.9 (CH2), 50.5 (CH2), 50.5 (CH2), 67.0 (CH2), 67.5 
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(CH2), 70.0 (CH2), 70.6 (CH2), 70.8 (CH2), 71.0 (CH2), 71.5 (CH2), 72.3 (CH2), 168.5 
(C=O), 169.2 (C=O), 174.2 (C=O). 
 
21-(16-mercapto-hexadecan-1-oyl)-4,7,13,16-tetraoxa-1,10,21 triazabicyclo [8.8.5] 
tricosane-19,23-dione, II.  Direct mercapto-dehalogenation of the alkyl halide was 
carried out using the same procedure reported by Fox et al.128  In a round bottom flask, 
0.80 g (1.20 mmol) of II-1 was dissolved in 1 mL of dry THF and cooled to -10 ºC for 10 
min.  Then, 0.29 mL of hexamethyldisilathiane ((Me3Si)2S, 1.40  mmol) and 1.29 mL of 
tetrabutylammonium fluoride (TBAF, 1.3  mmol, 1.0 M solution in THF with 5% water) 
were added.  The reaction mixture was allowed to warm to room temperature while being 
stirred for 3 hours.  The reaction mixture was diluted with 50 mL of DCM and washed 
three times with saturated aqueous ammonium chloride.  The product was obtained by 
column chromatography (DCM: methanol 20:1) as a yellow oil. Yield: 0.45 g (62 %). Rf 
= 0.27 (20:1 DCM: CH3OH); 
1H-NMR (400 MHz, CDCl3),  δ 1.12-1.50 (m, 22H), 1.52-
1.74 (m, 4H), 1.79-1.91 (impurity), 2.30-2.45 (m, 2H), 2.51 (q, J=7.07 Hz, 2H), 2.62-
2.75 (m, 1H), 2.75-2.86 (m, 1H),  2.92-3.10 (m, 2H), 3.41 (impurity), 3.45-3.76 (m, 
16H), 3.76-4.00 (m, 4H), 4.20-4.49 (m, 4H). 13C-NMR (100 MHz, CDCl3), δ 24.4 (CH2-
SH), 24.9 (CH2), 27.9 (impurity-CH2), 28.1 (CH2),  28.5 (impurity-CH2), 28.8 (CH2), 
29.2 (CH2), 29.2 (CH2), 29.3 (CH2), 29.3 (CH2), 29.4 (CH2), 30.8 (CH2), 32.4 (CH2), 32.6 
(impurity-CH2), 33.8 (CH2), 33.9 (impurity-CH2), 45.2(CH2), 48.1 (CH2), 48.8 (CH2), 
49.5 (CH2), 50.1 (CH2), 50.2 (CH2), 66.6 (CH2), 67.2 (CH2), 69.8 (CH2), 70.3 (CH2), 70.5 
(CH2), 70.7 (CH2), 71.1 (CH2), 71.9 (CH2), 168.2 (C=O), 168.8 (C=O), 173.8 (C=O). 
ESI-MS spectrum shows signal at 630.5 m/z consistent with C32H60N3O7S (M+H)
+ calc. 
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630.9 m/z, and 652.4 m/z consistent with (M+Na+) calc. 652.9 m/z. (ESI-MS: Found 
impurity as C32H59BrN3O7 (MH)
+ calculated at 677.7 m/z, experimental: 676.4 and 678.4 
m/z, C32H58BrN3O7Na (M+Na)
+ calculated at 699.7 m/z, experimental: 698.4 and 700.4 
m/z.) 
 
Preparation of SAMs.  Gold slides were purchased from Evaporated Metal Films (EMF, 
Ithaca, NY).  The slides have dimensions of 25 mm x 75 mm x 1 mm with cut edges,  
fabricated on a float glass substrate, coated with 50 Å of chromium followed by 100 Å of 
gold.  The substrates were cut in different sizes depending to the experimental needs.    
The slides were cleaned in piranha solution (70% concentrated sulfuric acid and 30 % 
hydrogen peroxide) for 15 minutes, rinsed with water and ethanol, and dried with 
nitrogen before use.  SAMs of the target molecule (II) were prepared by immersing a 
clean gold slide into a 1-3 mM solution of the thiol in ethanol for up to 48 hours.  The 
SAMs were rinsed with ethanol and dried with nitrogen gas before use. The formation of 
SAM was determined by grazing incidence IR, contact angle goniometry, and 
ellipsometry. 
 
Cyclic Voltammetry Measurements.   
The cyclic voltammetry measurements were performed in a background electrolyte of 1 
mM Ru(NH3)6Cl3 with 0.1 M Et4NCl. In order to ensure a constant concentration of the 
background electrolyte and the redox couple, the titration of the electrolyte with metal 
chloride (MCl, M = Li+, Na+, K+, NH4
+) was performed with solutions of 1 mM 
Ru(NH3)6Cl3 and MCl + Et4NCl = 0.1 M. 
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Impedance Measurement.  
Impedance measurements were collected with a background electrolyte solution of 0.1 M 
tetraethylammonium chloride and titrated with 0.1 M solutions of metal chlorides (MCl, 
M = Na+, K+, Li+, NH4
+).  The electrolyte solution was bubbled with nitrogen at least 5 
minutes before data acquisition.  During the measurements, a constant flow of nitrogen 
was maintained.  The impedance plots were obtained in a frequency range of 10 kHz to 
0.1 Hz, at an applied dc voltage of -0.5 V vs Ag/AgCl, with an AC amplitude of 5 mV.    
At least twenty five frequencies were used for each measurement and the impedance data 
was fitted to a randles circuit using the LEVMRUN software package for complex-non 
linear least square calculations in order to measure the capacitance of monolayer. A 
Randles circuit (figure 20) consists of a solution resistance (RS) in series with the parallel 
capacitance (CML) and resistance of the monolayer (RCT). A Warburg element is due to 
the diffusion limitation at low frequencies.   The capacitance of the monolayer-covered 
electrode, CML, is proportional to the dielectric constant of the monolayer as described 
previously in chapter 1 (page 39). 
 
 
 
 
 
Figure 20: The circuit model for impedance spectroscopy 
 
 
Rs
WRCT
CML
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Lithium Ionophore Results and Discussion 
 
A major goal of this work is to develop a highly selective lithium ionophore that is 
capable of detecting ions in aqueous solution. Since a surface-based electrode offers one 
way to measure the response of ions, a lithium ionophore was design to be derivatized 
onto this electrode. As we have previously observed that computational modeling and 
molecular dynamics are good predictive tools for selectivity of a sensor. The 
computational studies were carried out as a single molecule of compound II in both its 
unbound (metal ion-free) and bound states.  Structure II was minimized using the 
AMBER94, and MMFF94 force fields with solvent dielectric of 80.  The solvent 
dielectric 80 was used in this calculation because the selectivity testing would be 
preformed in aqueous solutions.  The results of the minimized energies for the metal 
complexes with II, for each force field are showed in table 3.   
 
Table 3: The results of the minimized energies for the metal complexes with II using 
force fields AMBER 94 and MMFF 94.   
 
Compound Amber 94, d.e. = 80 
 
MMFF 94, d.e. =  80 
Li+ 78.952 
 
Li+ 301.92 
Na+ 79.347 (-0.4) 
 
Na+ 336.81 (-34.89) 
II (Li+ sensor) 
K+ 96.264 (-17.3) 
 
K+ 361.36 (-59.44) 
In the parentheses show the energy difference form the most stable form, lithium complexation.  
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The results of molecular dynamics calculations for II in the complexed state with lithium, 
sodium and potassium ions using AMBER94 with a dielectric constant of 80 is shown in 
figure 27. 
 
 
 
 
 
 
 
 
 
Figure 27:  Minimized structures of II with Li+ (left), Na+ (center) and K+ (right) using 
AMBER94. 
 
The molecular modeling shows that the ions are located centrally within the cavity 
although the structure of the ligand is closed around the lithium and sodium ions and 
more open around the larger potassium ions.  The stability of the complexes gradually 
decreases from Li+, Na+ to K+ for both force fields with a dielectric constant of 80.  For 
each set of calculations the complexation energy of II with a lithium ion was found to be 
significantly lower than the corresponding complexes for sodium ions (0.4 - 34.9 
kcal/mole higher energy) and potassium ions (17.3 - 59.4 kcal/mole higher energy). It is 
therefore indicated that the complexation of ionophore II and Li+ is the most stable 
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complex.  The molecular modeling results predict that compound II may have selectivity 
for lithium over interfering ions.  
 
In the synthetic part, N-Fmoc-iminodiacetic acid was converted to N-Fmoc-iminodiacetic 
acid chloride using thionyl chloride to yield I-1 (scheme 8).  The reactive acid chloride, 
I-1, was then reacted with the secondary amine groups of diaza-18-crown-6, resulting in 
acylation and obtaining I-2.  Then deprotection of Fmoc group of I-2 was carried out 
using piperidine and yielded I-3.  These steps were preformed in the same manner as the 
synthesis of compound I, previously described in chapter 3.  Then, 16-
bromohexadecanoic acid was reacted with thionyl chloride, providing 16-
bromohexadecanoic acid chloride, 1, (scheme 7).  The reactive acid chloride was then 
reacted with the secondary amine of I-3, resulting in acylation, and yielded II-1 (scheme 
8).  The 1H-NMR and 13C-NMR spectra confirm that the product II-1 from the acylation 
was formed.  The 1H-NMR spectrum of this compound exhibits a series of multiplets and 
a triplet at δ 1.10-1.49 (22H), 1.56-1.75 (2H), 1.78-1.92 (2H), 2.29-2.42 (2H) and δ 3.41 
(2H) due to the methylene protons on the alkyl chain.  The triplet at δ 3.41 (2H) is due to 
the methylene protons connected to bromine.  Multiplets at δ 2.62-2.74 (1H), 2.74-2.87 
(1H), and 3.11-3.09 (2H) are due to the two non-equivalent methylene groups bonded to 
the nitrogen atoms of diazacrown moiety.  The series of multiplets at δ 3.44–4.45 belong 
to the methylene groups connected to nitrogen and oxygen atoms on bicyclic compound.   
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The 13C-NMR spectrum exhibits three groups of methylene carbons and one group of 
quaternary carbons.  The signals appear upfield at δ 25.2, 28.2, 28.8, 29.5, 29.5, 29.6, 
29.7, 32.8, 32.9 and 34.2 are due to methylene carbons on alkyl chain.  The signals at δ 
45.5, 48.4, 49.3 49.9 and 50.5 belong to sp3-carbons connected to the nitrogen atoms of 
the bicyclic compound.  The signals at δ 67.0, 67.5, 70.0, 70.6, 70.8, 71.0, 71.5 and 72.3 
are due to the methylene carbons bonded to oxygen atoms.  Three quaternary carbons 
(C=O) appear downfield at δ 168.5, 169.2 and 174.2. 
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In order to generate a functionalized thiol compound for preparing of SAM on gold 
surface, a bromo group of II-1 was converted to a mercapto group, and yielded II as a 
product.   
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Direct mercapto-dehalogenation of the alkyl bromide, II-1, was carried out using the 
same procedure previously reported by Fox et al.128  In this reaction, 
tetrabutylammonium trimethyl silylthiolate (Me3SiS
-Bu4N
+) was generated in situ by 
adding a solution of tetrabutylammonium fluoride (TBAF) to hexamethyldisilathiane in 
THF/H20, and then reacted rapidly with alkyl bromide
128 (II-1, in this case).  The 
proposed mechanism of this reaction is shown in scheme 9.128  
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The 1H-NMR and 13C-NMR spectra confirm that II was formed. The 1H-NMR spectrum 
of II exhibits a series of multiplets and a quartet at δ 1.12-1.50 (22H), 1.52-1.74 (4H), 
2.30-2.45 (2H) and δ 2.51 (2H) due to the methylene protons on the alkyl chain.  The 
quartet at δ 2.51 (2H) is due to the methylene protons connected to the thiol group.  
Multiplets at δ 2.62-2.75 (1H), 2.75-2.86 (1H), 2.92-3.10 (2H) are due to the two non-
equivalent methylene groups bonded to the nitrogen atoms of diazacrown moiety.  The 
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series of multiplets at δ 3.45–4.49 are due to the methylene groups connected to nitrogen 
and oxygen atoms on bicyclic compound.   
 
 
 
The 13C-NMR spectrum of II exhibits an upfield signal at δ 24.4 due to the methylene 
carbon connected to the thiol group.  A group of signals appears upfield at δ 24.9, 28.1, 
28.8, 29.2, 29.3, 29.4, 30.8, 32.4 and 33.8 belong to sp3-carbons on alkyl chain.  The 
signals at 45.2, 48.1, 48.8, 49.5, 50.1 and 50.2 are due to sp3-carbons connected to the 
nitrogen atoms of the bicyclic compound.  The signals at δ 66.6, 67.2, 69.8, 70.3, 70.5, 
70.7, 71.1, and 71.9 are due to methylene carbons bonded to oxygen atoms.  Three 
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quaternary carbons (C=O) appear downfield at δ 168.2, 168.8 and 173.8. The ESI-MS 
shows a signal at 630.5 m/z consistent with C32H60N3O7S (M+H)
+ and a signal at 652.4 
consistent with (M+Na)+.  
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It is necessary to note that the above resulting compound, II, which was purified by 
column chromatography, was mixed with the alkyl bromide starting material.  The alkyl 
bromide and the thiol compound provide almost similar polarity which could not be 
separated even by the high performance liquid chromatography (HPLC).  The evidences 
of the impurity are shown in the 1H-NMR, 13C-NMR and ESI-MS.  The 1H-NMR 
spectrum of the final compound exhibits a triplet at δ 3.41 due to the methylene protons 
connected to the bromo group. The 13C-NMR spectrum exhibits extra signals at δ 27.9, 
28.5, 32.6 and 33.9. The ESI-MS shows the impurity signal at 676.4 and 678.4 m/z 
consistent with C32H59BrN3O7, and signal at 698.4 and 700.4 m/z consistent with 
C32H58BrN3O7Na.     The purity of the thiol compound is 63 % calculated from the 
1H-
NMR. However, the alkyl bromide impurity is not expected to affect the chemisorption 
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of II on gold surface, due to the lack of ability of the bromo group to bond to the gold 
surface. 
 
Monolayer Characterization.   
Formation of a monolayer on gold was monitored by grazing angle infrared spectroscopy, 
contact angle goniometry, and ellipsometry.  Analysis of the monolayers by grazing-
incidence IR is a very useful technique to identify the functional groups of the monolayer 
on gold. As shown in figure 28, the SAM of II showed two absorptions due to methylene 
stretching vibrations. These absorptions, centered at 2856 and 2927 cm-1, originate from 
asymmetric CH2 stretching vibration of the alkyl chain and the ethylene groups of the 
crown ether ring, respectively. This results is consistent with the previous report of 
Reinhoudt and co-workers,82 where they identified the functional groups of 2-(6-
mercaptohexyloxy)methyl-18-crown-6 SAM on gold surface by grazing-incidence IR. 
Other significant bands in this IR spectrum are the absorption peak at 1666 cm-1 
corresponding to the C=O stretching vibration of the carbonyl group of the amide bonds, 
the absorption peak at 1467 cm-1 assigned to the C-N stretching mode, and the absorption 
peak at 1130 cm-1 corresponding to the stretching mode of C-O-C ether bonds.  It is 
interesting to note that the absorption peak of C=O stretching vibration of the carbonyl 
group is relatively weak, indicated that the orientation of the C=O groups are not 
perpendicular to the gold surface.  Due to the surface selection rule, only the vibrations 
with transition dipoles perpendicular to the surface will absorb strongly and be observed.  
The vibrations with transition dipoles parallel to the surface will not absorb strongly and 
therefore will be inactive and not be observed.95-99 
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Figure 28:  Grazing angle FT-IR spectrum of II on gold. 
 
Wettability studies of the monolayer of II by contact angle goniometry demonstrated that 
the surface is slightly hydrophobic. SAM of II on gold have a contact angle of 48±2° 
which indicated the formation of a hydrophobic layer compared to a bare gold (a contact 
angle <10°) and a SAM of hexadecanethiol  (a contact angle of 112°).62 
 
Ellipsometry measurements demonstrate that the layer thickness of the SAM is 2.2 ± 0.3 
nm.  A distance of compound II, calculated by molecular modeling (MOE), is equal to 
2.8 nm. By comparing the above information, it indicates that SAM II forms a single 
layer on the surface and tilts at 39.9° normal to the surface. On a gold surface, the 
organization of the well packing alkanethiol SAM usually tilts about 30º perpendicularly 
to the surface.75  A larger cant angle of SAM II compared to typical alkanethiol SAMs 
was expected due to the steric effect of the bulky ionophore head group.  
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Elelctrochemical studies by cyclic voltammetry and impedance spectroscopy. (The 
electrochemical measurements were performed by Ernesto Soto)129 
 
Cyclic voltammetry was used to observe the ion binding ability of the sensor using 
Ru(NH3)6Cl3 as a redox probe. The CV results of SAM II obtained with Ru(NH3)6Cl3 is 
shown in figure 29.  
                 
Figure 29: CV in the presence of Ru(NH3)6Cl3 showing the ion-gate closing effect upon 
complexation of Li+ by the II sensor.   
 
The CV experiments were initially carried out with an aqueous solution of 1 mM 
Ru(NH3)6Cl3 and 0.1 M tetrabutyl ammonium bromide, and the film showed the redox 
process in this solution. The titration experiments were carried out by adding aliquots of a 
solution containing 1 mM Ru(NH3)6Cl3 and 0.1 M of a metal chloride or bromide. The 
experiments were carried out with a constant concentration of the redox species and a 
total 0.1 M concentration of supporting electrolyte in order to eliminate ionic strength 
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effects.  The CVs did not change with the addition of K+ and Na+, comparing to the 
addition of Li+.  After addition of 25 mM LiCl (or higher concentration), the CV of SAM 
II becomes insulating to the redox process of Ru(NH3)6Cl3, as shown in figure 29. This 
behavior of SAM made from a sensor molecule was previously reported by Reinhoudt 
and co-workers.59, 80-82  It can be explained that the drastic decrease of the current 
magnitude after addition of LiCl to SAM II is due to the presence of positively charged 
ions on the surface that cause electrostatic repulsion between the positively charged SAM 
and the positively charged ruthenium species, resulting in the blocking of the redox 
process. 
 
Impedance experiments were obtained in the presence of a background electrolyte 
solution of 0.1 M Et4NCl at a constant potential of -0.5 V vs a Ag/AgCl reference 
electrode at different concentrations of Li+, K+ or Na+.  The Nyquist plots were obtained 
for each different concentration.  The data from the Nyquist plots were fit to an electrical 
model circuit using non-linear least squares fitting to provide the capacitance value of the 
monolayer.  In this study, a Randles equivalent circuit was used, which was previously 
explained in chapter 2.  By analyzing the film at a fixed potential (-0.5 V vs a Ag/AgCl) 
at a variety of applied frequencies (10 kHz to 0.1 Hz), and fitting the data to the circuit, 
the capacitance of the SAM can be obtained. As described previously in chapter 1, the 
capacitance of the monolayer-covered electrode, CML, is proportional to the dielectric 
constant of the monolayer as shown in the following expression:82 
 
CML = ε0 ε r A / d 
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where ε0 is the permittivity of vacuum, εr is the dielectric constant of the monolayer, A is 
the surface area and d is the average layer thickness.  The capacitance of the monolayer 
will change in relation to the degree of ion binding because of the increase in the 
dielectric constant of the film as more metal ions are complexed.   
 
Nyquist plots obtained at two different concentrations of Li+ ions are shown in figure 30.  
Fitting this data to the previously described model circuit gives capacitance values for the 
monolayer that are related to metal ion concentration.  A plot of the change in the 
capacitance of SAM vs ions concentration is shown in figure 31. 
 
 
 
 
 
 
  
 
 
Figure 30: Nyquist plots obtained at -0.5 V vs Ag/AgCl with a supporting electrolyte 
solution of (1) 0 mM LiCl and 0.1 M tetrabutyl ammonium bromide and (2) 15 mM LiCl 
and 0.085 M tetrabutyl ammonium bromide.  The inset shows the model circuit used in 
this study. 
WRCT
REL
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Figure 31. Capacitance as a function of ion concentration for different ions.  
 
The results show moderate selectivity for Li+ detection compared to other ions.  The 
capacitance results show that the SAMs have a lower affinity for Na+, K+and NH4
+.  The 
capacitance change took place after the addition of ammonium chloride (NH4Cl) in the 
presence of tetrabutyl ammonium bromide or tetraethyl ammonium chloride (supporting 
electrolytes) indicating that this method can be used to study the ability of ammonium ion 
binding to the ionophore without the significant interference of these supporting 
electrolytes.  The tetrabutyl ammonium bromide and tetraethyl ammonium chloride were 
not expected to complex to the ionophore due to the steric hindrance. The modeling 
results of the ionophore complexed with tetrabutyl ammonium bromide or tetraethyl 
ammonium chloride provided unstable complexes.  
 
Selectivity was calculated by the same method explained in chapter 3.  The results show 
that the capacitance increases as a function of ion concentration until it reaches a plateau, 
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beyond which it is constant up to the maximum concentration tested (0.040 M).  Figure 
31 demonstrates that SAMs of this sensor (II) have selectivity for Li ions over potassium 
and sodium ions, with log KLi+,Na+ = -1.30 and log KLi+,K+ = -0.92. 
 
It should be noted that in this study we speculated that the change of the capacitance after 
ion binding is due to a change in the dielectric constant only.  However, it is possible that 
when the binding occurs, the ion-ionophore complex can cause a significant change in the 
complex conformation, and therefore create a leaky film (increasing the exposed gold 
area), which can cause a capacitance change.  To answer this question, future 
experiments can be carried out that examine charge transfer resistance during the ion 
titration.  If the ion-ionophore complexation causes the leaky film, it will cause a 
decrease in charge transfer resistance of the monolayer.  Moreover, a change in the 
complex conformation can also cause a change in the film thickness which can result in a 
capacitance change.   
 
As shown in chapter 3, the ionophore of compound II has also been modified to contain a 
fluorophore that transduces the binding of ions via enhanced fluorescence emission 
(compound I, in chapter 3).23 
 
                                                          Compound I 
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In this modified compound, the ion binding site is essentially the same as in II.  When 
measured in solution of DCM and THF, selectivity values for I were log KLi+,Na+ = -3.36,  
log KLi+,K+ = -1.77 showing even higher selectivity.
23  It is interesting to note that the 
ionophore appears to exhibit the highest selectivity in the most disorganized environment, 
i.e. solution.  In addition, the high selectivity of I could be due to the different activity of 
ion to complex the ionophore in organic solvent and in aqueous solution.  
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Conclusion of Lithium Ionophore work  
Monolayers of hexadecanethiol coupled to a bicyclic molecule with the ability to 
selectively complex Li+ ions were fabricated.  The ability of these monolayers to function 
as sensors was shown by impedance spectroscopy technique.  Impedance experiments in 
the absence of a redox probe (i.e. only supporting electrolyte) provided reproducible data 
that shows a change in monolayer capacitance upon ion complexation.  The compound 
showed moderate selectivity for complexation of Li+ ions over other ions, with log 
KLi+,Na+ = - 1.30 and log KLi+,K+ = - 0.92, although it is somewhat less than that observed 
in solution for the compound I shown in chapter 3 that shows enhanced emission upon 
ion binding.  This study shows that selective ion complexation can be demonstrated on 
surfaces using an impedance measurement technique. 
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Chapter 5 
 
Surface-Based Ammonium Ionophore 
 
The levels of urea and creatinine in blood are important diagnostic indicators of renal 
(kidney) functions.28  Urea is the end product in protein metabolism.130 Creatinine is a 
metabolite, generated from muscle metabolism. Creatinine is produced from creatine, a 
molecule of major importance for energy production in muscles, and every day 
approximately 2% of the body's creatine is converted to creatinine.131  Urea and 
creatinine are transported through the bloodstream and excreted by the kidneys.  
Therefore, an increase in the blood urea and creatinine level can indicate kidney diseases. 
Normal concentrations of urea and creatinine in the blood are 0.12 - 0.33 mmole/dL and 
5.3 - 10.6 µmole/dL, respectively. The urea and creatinine levels are indirectly detected 
by measuring the concentration of ammonium ion which are metabolite of urea and 
creatinine by the enzymes urease and creatininase as shown in figure 32. 
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Figure 32: The metabolite of urea and creatinine. 
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However, the level of metabolized ammonium ion is much lower than physiological 
concentrations of other similar cations such as sodium (137 - 146 mM)107 and potassium 
(3.5 - 5.0 mM)108 in adult.  Therefore, much work has focused on fabricating sensors for 
selective ammonium ion detection.6, 8, 21, 26, 132-134  In clinical use, the measurement of 
ammonium ion concentrations is achieved by ISEs containing an ionophore, a ligand 
which has high selectivity and sensitivity to specific ions.  The natural antibiotic nonactin 
(figure 8, chapter 1) is the most widely studied as an ammonium ionophore, however, 
nonactin-based ammonium ISEs have a limit in their utility due to the poor selectivity of 
ammonium over potassium ions (log KNH4+,K+ ~ -1.0).
6, 11  
 
In previous work, ammonium ionophore based on a cyclic depsi-peptide structure was 
designed and studied, (figure 33).6  This ionophore was incorporated into a plannar ion-
selective electrode sensor format, which provided selectivity for NH4
+ against the 
interfering ions, Na+, and K+, log K NH4+,Na+ = -2.1 and log K NH4+,K+ = -0.6.
6   
 
 
 
 
 
 
 
Figure 33:  Structures of monocyclic depsi-peptide ammonium ionophore, A-1 
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This chapter reports the synthesis and selectivity results for a NH4
+ sensor fabricated 
from a self assembled monolayer on gold.  The SAM comprises a single molecular layer 
of a cyclic depsi-peptide structure shown in figure 34.   
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Figure 34:  Structure of ammonium ionophore, III, on gold surface. 
 
The compound shown in figure 34 is a 11-mercapto-N-(4-(9,15,18-triisopropyl-6,12-
dimethyl-2,5,8,11,14,17-hexaoxo 1,7, 13-trioxa-4,10,16-triazacycloocta decan-3-yl)butyl) 
undecanamide, III.  It consists of an alkanethiol and a cyclic depsi-peptide.  Alkanethiol 
was used to form a well ordered self-assembled monolayer on gold, with the cyclic depsi-
peptide moiety exposed on the surface.  This compound was designed following a similar 
approach that was used for our previously reported ionophores and fluoroionophores.4, 6, 
23, 33  Ultimately, our goal is to build a sensor that can be used in aqueous environments 
and to do this, the ionophore moiety was synthesized in such a way that it could be 
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attached to the gold surface in order to monitor a transduction mechanism in aqueous 
media.  Molecular modeling of the cyclic structure showed that it provides a rigid 
framework and size fit for an ammonium ion.  The ammonium ion binding ability of the 
surface-bound sensor was monitored by impedance spectroscopy. 
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Ammonium Ionophore Experiments 
 
Synthesis of III.  
All NMR and Mass Spectroscopy data are given in Appendix A3. 
The compound III was synthesized according to schemes 10-12 described below. 
(L and D are the L- and D- configuration of the chiral carbon center.) 
 
Synthesis of block 1 and block 3  
Scheme 10 
OH
NH-Boc
CH3 CH3
O
 Boc-D-Val-OH
O
CH3
O
O
NH-Boc
CH3 CH3
O
BLOCK 3
DIPCDI, 1 eq.
DMAP, 0.1 eq.
in CH
2
Cl
2
, 18 hrs.
10% Pd/C, H2, 1 atm. 4 hrs.
OH
CH3
O
O
NH-Boc
CH3 CH3
O
BLOCK 1
1) HCl (gas)
+
18 hrs.
2). Vac. distill.
OH
OH
CH3
O
O
OH
CH3
O
L-Lactic acid
OH
1 eq.L
L
L
L
D
D D
III-1
 
 
(i) L-lactic acid benzyl ester, III-1 
In a round bottom flask, 25.00 g (277.53 mmol) of L-lactic acid was dissolved in 300 mL 
(excess) of anhydrous benzyl alcohol.  The solution was saturated with HCl gas and 
stirred for 18 hrs. at room temperature after which the solution was diluted with 400 mL 
DCM. The organic layer was washed 3 times with 200 mL 1N KOH, and then with 200 
mL 10% citric acid and dried over Na2SO4. The DCM fraction was then removed under 
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vacuum, 40 °C. The benzyl alcohol was removed by vacuum distillation at 35 °C (2.5 
mmHg) and the product III-1 was collected at 60°C as a colorless oil, 33.11 g, 66.2 
%yield. The NMR spectra confirms to the literature.135 1H-NMR (400 MHz, CDCl3), δ 
1.42 (dd, J = 7.07, 1.01, 3H), 3.08 (d, J =4.80, 1OH), 4.28-4.34 (m, 1H), 5.19 (s, 2H), 
7.30-7.38 (m, 5H); 13C-NMR (100 MHz, CDCl3), δ 20.5 (CH3), 67.0 (CH), 67.3 (CH2), 
127.9, 128.4, 128.6, 128.8 (CH-Ar), 135.4 (C-Ar), 175.7 (C=O). 
 
(ii) BzlO-L-Lac-D-Val-NHboc (block 1) 
In a round bottom flask, 10.00 g (46.01 mmol) of Boc-D-Val-OH was dissolved in 200 
mL of anhydrous DCM. The solution was stirred for 15 min at 0°C, then 7.12 mL (1 eq.) 
of diisopropylcarbodiimide (DIPCDI) was added followed by adding 0.56 g (0.1 eq.) of 
4-dimethylaminopyridine (DMAP). The solution was stirred for 15 min. in ice bath where 
upon 8.29 g (1 eq.) of III-1 was added. After the solution was stirred at 0 °C for 1 h, it 
was then stirred for an additional 17 hrs. at room temperature.  The insoluble urea thus 
formed was removed by filration and the filtrate was washed three times with 200 mL 
saturated NaHCO3, three times with 200 mL 10% citric acid, one time with water and 
then dried over Na2SO4. The DCM fraction was then removed under vacuum at 45 °C to 
yield a clear gum. The product, block1, was obtained by column chromatography 
(hexane: EtOAc: DCM 9:1:1) to yield 16.48 g of a colorless oil, yield 94.39 %. Rf = 0.29 
(hexane: EtOAc: DCM 9:1:1); 1H-NMR (400 MHz, CDCl3), δ 0.90 (d, J=7.07, 3H), 0.97 
(d, J=7.07, 3H), 1.43-1.47 (m, 9H), 1.51 (d, J=7.07, 3H), 2.06-2.09 (m, 1H), 4.27-4.35 
(m, 1H), 5.03 (q, J=8.84, 1H), 5.15-5.20 (m, 2H), 7.30-7.40 (m, 5H); 13C-NMR (100 
MHz, CDCl3), δ 17.1 (CH3), 17.6 (CH3), 19.1 (CH3),   28.4 (3x CH3), 31.4 (CH), 58.7 
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(CH), 67.2 (CH2), 69.3 (CH), 79.8 (C), 128.3, 128.6, 128.7 (CH-Ar) 135.3 (C-Ar), 155.7, 
170.2, 171.6 (C=O).  
 
 
(iii) L-Lac-D-Val-NHboc, (block 3) 
In a round bottom flask, 6.00 g (15.81 mmol) of the block 1 was dissolved in 100 mL 
anhydrous DCM.  The benzyl ester group was removed by hydrogenation using 0.50 g of 
10 % wt Pd on activated carbon as the catalyst, and gas hydrogen (H2) for 4 hrs. Then the 
Pd activated carbon was removed by filtration and the filtrate was concentrated under 
vacuum at 45°C to yield a light-yellow gum. The product, block 3, was obtained by 
column chromatography (DCM:MeOH 85:15) to yield 4.11 g of a white amorphous solid, 
yield 90 %. Rf = 0.4 (DCM:MeOH 85:15); 
1H-NMR (400 MHz, CD3OD), δ 0.96 (d, 
J=7.07, 3H), 1.00 (d, J=7.07, 3H), 1.43-1.51(m, 12H), 2.11-2.22 (m, 1H), 4.10 (d, 
J=5.81, 1H), 5.05-5.10 (m, 1H); 13C-NMR (100 MHz, CD3OD), δ 16.5 (CH3), 17.4 
(CH3), 18.6 (CH3), 27.6 (CH3), 27.8 (2xCH3),  30.9 (CH), 59.7 (CH), 69.4 (CH), 79.6 
(C), 157.2, 172.1, 172.8 (C=O).  
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Synthesis of block 2. 
 
Scheme 11 
1) HCl (gas)
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(i) D-hydroxyisovaleric acid benzyl ester, III-2 
This compound was prepared in same manner as L-lactic acid benzyl ester using 9.80 g 
(82.96 mmol) of D-hydroxyisovaleric acid. The product, III-2, was recovered as a 
colorless oil, 10.12 g, 59 % yield. The NMR spectra conforms to the literature.136, 137  1H-
NMR (400 MHz, CDCl3), δ 0.83 (d, J = 7.07, 3H), 1.00 (d, J = 7.07, 3H), 2.07-2.13 (m, 
1H), 2.76 (d, J = 5.81, 1OH), 4.04-4.13 (m, 1H), 5.15-5.28 (m, 2H), 7.25-7.51 (m, 5H);  
13C-NMR (100 MHz, CDCl3), δ 16.0 (CH3), 19.0 (CH3), 32.3 (CH), 67.5 (CH2), 75.2 
(CH), 127.8, 128.0, 128.6, 128.7, 128.8 (CH-Ar), 135.4 (C-Ar), 175.0 (C=O).   
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(ii) BzlO-D-hyisoval-L-Lys(Fmoc)-NHboc, III-3  
In a round bottom flask, 10.00 g (21.34 mmol) of Boc-Lys(Fmoc)-OH was dissolved in 
200 mL of anhydrous DCM. The solution was stirred for 15 min at 0°C, then 3.3 mL (1 
eq.) of DIPCDI was added followed by adding 0.26 g (0.1 eq.) of DMAP. The solution 
was stirred for 15 min. in an ice bath where upon 4.44 g (1 eq.) of III-2 was added. After 
the solution was stirred at 0 °C for 1 hr, it was then stirred for an additional 17 hrs. at 
room temperature.  The insoluble urea thus formed was removed by filtration and the 
filtrate was washed three times with 150 mL saturated NaHCO3, three times with 150 mL 
10% citric acid, one time with water, and then dried over Na2SO4. The DCM fraction was 
then removed under vacuum at 45 °C to yield a white amorphous solid. The product was 
purified by recrystallization using dichloromethane and cold ether to yield a white solid, 
and followed by column chromatography (hexane:EtOAc 7:3) to yield 9.87 g of III-3 as 
a white crystal, yield 70 %. Rf = 0.31 (hexane:EtOAc 7:3); 
1H-NMR (400 MHz, CDCl3), 
δ 0.93 (d, J = 7.07, 3H), 0.97 (d, J = 7.07, 3H), 1.23-1.59 (m, 13H), 1.61-1.76 (m, 1H), 
1.76-1.93 (m, 1H), 2.19-2.33 (m, 1H), 2.94-3.27 (m, 2H), 4.17-4.25 (dd, J = 7.07, 6.82, 
1H), 4.35-4.43 (m, 2H), 4.87-4.98 (m, 2H), 5.02-5.25 (m, 2H), 7.25-7.45 (m, 9H), 7.59 
(d, J = 7.58, 2H), 7.75 (d, J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 17.3 (CH3), 
19.0 (CH3), 22.5 (CH2), 28.5 (3x CH3), 29.5 (CH2), 30.3 (CH), 32.4 (CH2), 40.7 (CH2), 
47.4 (CH), 53.7 (CH), 66.7 (CH2), 67.2 (CH2), 77.4 (CH), 80.3 (C), 120.1, 125.2, 127.2, 
127.8, 128.5, 128.6, 128.8 (CH-Ar), 135.4, 141.5, 144.2 (C-Ar), 155.5, 156.6, 169.3, 
172.3 (C=O).   
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(iii) D-hyisoval-L-Lys(Fmoc)-NHboc (block 2) 
In a round bottom flask, 9.44 g (14.33 mmol) of the III-3 was dissolved in 200 mL 
anhydrous DCM.  The benzyl ester group was removed by hydrogenation using 1 g of 10 
% wt. Pd on activated carbon as the catalyst, and gas hydrogen gas (H2) for 9 hrs. Then 
the Pd activated carbon was removed by filtration and the filtrate was concentrated under 
vacuum at 45°C, to yield a white amorphous solid. The product, block2, was obtained by 
column chromatography (DCM:MeOH 90:10) to yield 7.72 g of a white amorphous solid, 
yield 95 %. Rf = 0.6 (90:10 DCM:MeOH); 
1H-NMR (400 MHz, CDCl3), δ 0.99 (d, J = 
7.07, 3H), 1.00 (d, J = 7.07, 3H), 1.25-1.55 (m, 13H), 1.61-1.76 (m, 1H), 1.76-1.95 (m, 
1H), 2.19-2.35 (m, 1H), 2.92-3.25 (m, 2H), 4.11-4.25 (m, 1H), 4.33-4.48 (m, 2H), 4.85-
4.98 (m, 1H), 5.18-5.32 (m, 1H), 7.24-7.42 (m, 4H), 7.57(d, J = 7.58, 2H), 7.74 (d, J = 
7.58, 2H), 10.0 (s-br, 1H); 13C-NMR (100 MHz, CDCl3), δ 17.1 (CH3), 19.0 (CH3), 22.5 
(CH2), 28.3 (CH3), 28.5 (2x CH3), 29.5 (CH2), 30.1 (CH), 32.1 (CH2), 40.7 (CH2), 47.3 
(CH), 53.6 (CH), 66.7 (CH2), 77.4 (CH), 80.3 (C), 120.1, 125.0, 125.2, 127.2, 127.8, 
127.9 (CH-Ar), 141.4, 144.0 (C-Ar), 155.8, 156.8, 172.4, 173.0 (C=O).   
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Synthesis of III   
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(i) BzlO-L-Lac-D-Val-NH2, III-4 
In a round bottom flask, 5.10 g (13.44 mmol) of block 1 was dissolved in 50 mL 
anhydrous DCM, and then deprotected with 50% trifloroacetic acid (TFA, 50 mL) for 1 
hr. The DCM and TFA were then removed under vacuum at 35 °C. 1 mL of DCM and 2 
mL of toluene were added three times to the residue, and then removed three times under 
vacuum, to yield III-4 as a brown gum residue in quantitative yield. 1H-NMR (400 MHz, 
CDCl3), δ 1.02-1.10 (dd, J=7.07, 14.14, 6H), 1.50 (d, J=7.07, 3H), 2.30-2.41 (m, 1H), 
3.96-4.02 (d-br, J=3.03, 1H), 5.13 (q, J=8.84, 1H), 5.18-5.24 (m, 2H), 7.25-7.38 (m, 5H), 
8.45 (s-br, 3 H); 13C-NMR (100 MHz, CDCl3), δ 16.7 (CH3), 17.5 (CH3), 17.9 (CH3),   
29.9 (CH), 58.4 (CH), 67.5 (CH2), 70.5 (CH), 128.4, 128.5, 128.7, 128.7, 129.2 (CH-Ar) 
135.0 (C-Ar), 168.1, 169.7 (C=O).  
 
(ii) BzlO-L-Lac-D-Val-D-hyisoval-L-Lys(Fmoc)-NHboc, III-5 
In a round bottom flask 7.60 g (13.36 mmol) of block II was dissolved in 150 mL of 
anhydrous DCM. The solution was stirred for 5 min at room temperature, then 6.96 g (1 
eq.) of benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate 
(PyBOP), 2.05 g (1 eq.) 1-hydroxybenzo-triazole hydrate (HOBT), and 23.3 mL (10 eq.) 
of DIPEA were added. The solution was stirred for 5 min. where upon the III-4 in 10 mL 
anhydrous DCM was added. This solution was then stirred for an additional 18 hrs at 
room temperature. The insoluble urea thus formed was removed by filtration and the 
filtrate was washed three times with 150 mL saturated NaHCO3, three times with 150 mL 
10% citric acid, one time with water and then dried over Na2SO4. The DCM was then 
removed under vacuum at 45 °C to yield light brown crystalline compound. The product 
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was purified by column chromatography (hexane:EtOAc 62:38) to yield 9.81 g of III-5 
as a white crystals, yield 88 %. Rf = 0.30 (hexane:EtOAc 62:38); 
1H-NMR (400 MHz, 
CDCl3), δ 0.96-0.99 (m, 12H), 1.26-1.52 (m, 16H), 1.62-1.78 (m, 1H), 1.78-1.93 (m, 1H), 
2.24-2.40 (m, 2H), 2.95-3.22 (m, 2H), 4.17-4.25 (m, 1H), 4.25-4.32 (m, 1H), 4.33-4.42 
(m, 2H), 4.52-4.60 (m, 1H), 5.04-5.21 (m, 5H), 5.32 (d, J = 7.33, 1NH), 6.81 (d, J = 8.08, 
1NH), 7.26-7.35 (m, 7H), 7.38 (t, J = 7.58, 2H), 7.58(d, J = 7.58, 2H), 7.74 (d, J = 7.58, 
2H); 13C-NMR (100 MHz, CDCl3), δ 16.9 (CH3), 17.0 (CH3), 18.1 (CH3), 18.9 (CH3), 
19.1 (CH3), 22.6 (CH2), 28.3 (3xCH3), 29.5 (CH2), 30.5 (CH), 30.8 (CH), 31.5 (CH2), 
40.4 (CH2), 47.3 (CH), 53.9 (CH), 57.5 (CH), 66.6 (CH2), 67.2 (CH2), 69.4 (CH), 
78.7(CH), 80.1 (C), 120.0, 125.1, 127.1, 127.7, 128.2, 128.5, 128.7, (CH-Ar), 135.2, 
141.3, 144.0, 144.1 (C-Ar), 155.6, 156.7, 169.2, 170.1, 170.7, 171.9 (C=O).   
  
(iii) BzlO-L-Lac-D-Val-D-hyisoval-L-Lys(Fmoc)-NH2, III-6 
In a round bottom flask, 9.30 g (11.20 mmol) of the III-5 was dissolved in 75 mL 
anhydrous DCM, and then deprotected with 50% trifloroacetic acid (TFA, 75 mL) for 1 
hr. The DCM and TFA were then removed under vacuum at 35 °C. Then, 1 mL of DCM 
and 2 mL of toluene were added three times to the residue, and then removed three times 
under vacuum, to yield III-6 a brown gum residue in quantitative yield. 
 
(iv) BzlO-L-Lac-D-Val-D-hyisoval-L-Lys(Fmoc)-L-Lac-D-Val-NHboc (linear depsi 
peptide, III-7) 
In a round bottom flask 3.73 g (12.89 mmol, 1.15 eq.) of block III was dissolved in 200 
mL of anhydrous DCM. The solution was stirred for 5 min at room temperature, then 
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6.71 g (1.15 eq.) of PyBOP, 1.97 g (1.15 eq.) of HOBT, and 19.5 mL (10 eq.) of DIPEA 
were added. The solution was stirred for 5 min. where upon the III-6 in 20 mL anhydrous 
DCM was added. This solution was then stirred for an additional 18 hrs at room 
temperature. The insoluble urea thus formed was removed by filtration and the filtrate 
was washed three times with 200 mL saturated NaHCO3, three times with 200 mL 10% 
citric acid, one time with water and then dried over Na2SO4. The DCM fraction was then 
removed under vacuum at 45 °C to yield light brown crystals. The product was purified 
by column chromatography (DCM:EtOAc:hexane 2:3:5) to yield 5.25 g of III-7 as white 
crystals, yield 47 %. Rf = 0.40 (DCM:EtOAc:hexane 2:3:5); 
1H-NMR (400 MHz, 
CDCl3), δ 0.92-1.05 (m, 18H), 1.20-1.58 (m, 18H), 1.88-2.10 (m, 3H), 2.25-2.43 (m, 2H), 
3.04-3.29 (m, 2H), 3.94 (t, J=6.82, 1H), 4.17-4.23 (m, 1H), 4.32-4.43 (m, 3H), 4.44-4.50 
(m, 1H), 5.03 (d, J = 3.54, 1H), 5.10-5.25 (m, 6H), 5.38-5.43 (m, 1NH), 7.26-7.35 (m, 
7H), 7.39 (t, J = 7.58, 2H), 7.51 (d-br, J = 8.08, 1NH), 7.58 (d, J = 7.58, 2H), 7.75 (d, J = 
7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 16.8 (CH3), 16.9 (CH3), 17.4 (CH3), 18.6 
(CH3), 18.7 (CH3), 19.0 (CH3), 19.1 (CH3), 19.3 (CH3), 23.0 (CH2), 28.4 (3xCH3), 29.4 
(CH2), 30.3 (CH), 30.3 (CH), 31.7 (CH), 32.0 (CH2), 40.5 (CH2), 47.3 (CH), 53.7 (CH), 
58.1 (CH), 60.0 (CH), 66.7 (CH2), 67.1 (CH2), 69.2 (CH), 70.1 (CH), 78.9 (CH), 80.7 
(C), 120.1, 125.2, 127.1, 127.8, 128.3, 128.4, 128.6 (CH-Ar), 135.4, 141.4, 144.1 (C-Ar), 
156.4, 156.6, 169.6, 170.4, 170.6, 171.2, 171.4, 171.9 (C=O).   
 
(v) L-Lac-D-Val-D-hyisoval-L-Lys(Fmoc)-L-Lac-D-Val-NHboc, III-8 
In a round bottom flask, 5.1g (5.1 mmol) of the III-7 was dissolved in 100 mL anhydrous 
DCM.  The benzyl ester group was removed by hydrogenation using 0.5 g of 10 % wt. Pd 
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activated carbon as the catalyst, and hydrogen (H2) gas for 4 hrs. Then the Pd activated 
carbon was removed by filtration and the filtrate was concentrated under vacuum at 45°C, 
to yield white crystals. The product was obtained by column chromatography 
(DCM:MeOH 80:20) to yield 4.5 g of III-8 as a white amorphous solid, yield 97.0 %. Rf 
= 0.5 (DCM:MeOH 80:20); 1H-NMR (400 MHz, CD3OD), δ 0.91-1.07 (m, 18H), 1.36-
1.51 (m, 18H), 1.75-1.89 (m, 1H), 1.89-2.03 (m, 1H), 2.06-2.31 (m, 3H), 3.05-3.16 (m, 
2H), 3.98-4.09 (m, 1H), 4.13-4.23 (m, 1H), 4.27-4.35 (m, 1H), 4.36-4.58 (m, 3H), 4.83 
(d, J = 5.56, 1H), 5.01-5.10 (m, 1H), 5.14-5.28 (m, 1H), 7.30 (t, J = 7.58, 2H), 7.38 (t, J = 
7.58, 2H), 7.63 (d, J = 7.58, 2H), 7.77 (d, J = 7.58, 2H); 13C-NMR (100 MHz, CD3OD), 
δ 17.8 (CH3), 18.4 (CH3), 19.0 (CH3), 19.6 (CH3), 20.0 (CH3), 24.4 (CH2), 29.2 (3xCH3), 
30.7 (CH2), 32.1 (CH), 32.2 (CH), 32.3 (CH), 32.5 (CH2), 41.8 (CH2), 48.9 (CH), 54.3 
(CH), 59.5 (CH), 61.3 (CH), 68.0 (CH2), 71.2 (CH), 71.9 (CH), 80.4 (CH), 81.0 (C), 
121.3, 126.6, 128.6, 129.2 (CH-Ar), 143.0, 145.7 (C-Ar), 158.7, 159.3, 172.3, 173.0, 
173.3 173.4, 174.5 (C=O).   
 
(vi) cyclo-L-Lac-D-Val-D-hyisoval-L-Lys(Fmoc)-L-Lac-D-Val (cyclic depsi-peptide, 
III-10) 
In a round bottom flask, 1.1 g (1.2 mmol) of the III-8 was dissolved in 75 mL anhydrous 
DCM, and then deprotected with 50% trifloroacetic acid (TFA, 75 mL) for 1 hr. The 
DCM and TFA were then removed under vacuum at 35 °C. Then, 1 mL of DCM and 2 
mL of toluene were added three times to the residue, and then removed three times under 
vacuum, to yield deprotected-III-9 as a brown gum residue. Without further purification, 
the deprotected-III-9 was dissolved in 500 mL of anhydrous DMF. The solution was 
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stirred for 15 min at 0 ºC, and 2.1 mL (10 eq.) of DIPEA, 0.60g (1.3 eq.) of O-(7-
azabenzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluoro phosphate (HATU), 
and 0.21 g (1.3 eq.) 1-hydroxy-7-azabenzotriazole (HOAT) were added. The solution was 
continuously stirred at 0 ºC for 8 hours, and then it was allowed to stir for an additional 1 
hour at room temperature. The DMF was then removed under vacuum at 45 °C to yield a 
brown gum. After that, 200 mL of DCM was added to precipitate the insoluble urea from 
the solution. The insoluble compound was removed by filtration and the filtrate was 
washed three times with 200 mL saturated NaHCO3, three times with 200 mL 10% citric 
acid, one time with water and then dried over Na2SO4. The DCM fraction was then 
removed under vacuum at 45 °C to yield off-white crystals. The product was purified by 
column chromatography (DCM: EtOAc:hexane 2:4:4) to yield 0.59 g of III-10 as white 
crystals, yield 62 %. Rf = 0.35 (DCM:EtOAc:hexane 2:4:4); 
1H-NMR (400 MHz, 
CDCl3), δ 0.88-1.04 (m, 18H), 1.24-1.41(m, 4H),  1.41-1.65 (m, 6H), 1.88-2.05 (m, 3H), 
2.15-2.39 (m, 2H), 3.01-3.37 (m, 2H), 4.10-4.28 (m, 2H),4.28-4.50 (m, 3H), 4.63-4.75 
(m, 1H), 5.05-5.25 (m, 3H), 5.25-5.40 (m, 1H), 6.64 (d, J = 8.59, 1NH), 6.75-6.89 (m, 
1NH), 7.13-7.24 (m, 1NH), 7.30 (t, J = 7.58, 2H), 7.40 (t, J = 7.58, 2H), 7.53-7.62 (m, 
2H), 7.76 (d, J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 15.5 (CH3), 17.4 (CH3), 17.8 
(CH3), 18.0 (CH3), 18.6 (CH3), 19.0 (CH3), 19.1 (CH3), 19.3 (CH3), 23.1 (CH2), 29.4 
(CH2), 29.6 (CH), 30.1 (CH2), 30.8 (CH), 31.3 (CH), 40.2 (CH2), 47.4 (CH), 53.4 (CH), 
56.7 (CH), 59.6 (CH), 66.7 (CH2), 69.9 (CH), 71.8 (CH), 79.5 (CH), 120.2, 125.1, 127.2, 
127.9 (CH-Ar), 141.5, 144.1 (C-Ar), 156.8, 169.1, 170.6, 170.7, 171.0, 172.7 (C=O).  
ESI-MS spectrum shows signal at 793.9 m/z consistent with C42H57N4O11 (M+H
+) calc. 
793.9 m/z. 
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(vii) cyclo-L-Lac-D-Val-D-hyisoval-L-Lys(NH2)-L-Lac-D-Val, III-11 
In a round bottom flask, 0.8 g (1.01 mmol) of III-10 was dissolved in 50 mL solution of 
10% piperidine in DCM for 20 min. The DCM and piperidine were then removed under 
vacuum at 35 °C to yield a brown gum residue. Then, 1 mL of DCM and 2 mL of toluene 
were added three times to the residue, and removed three times under vacuum. The 
product was purified by column chromatography (DCM:MeOH 30:1) to yield 0.42 g of 
III-11 as off-white crystals, yield 72.41 %. Rf = 0.25 (DCM:MeOH 30:1); 
1H-NMR (400 
MHz, CDCl3), δ 0.87-1.04 (m, 18H), 1.23-1.57 (m, 8H), 1.73-1.90 (m, 2H), 1.95-2.09 (m, 
2H), 2.09-2.19 (m, 1H), 2.19-2.39 (m, 2H), 3.18-3.34 (m, 2H), 3.38 (d, J = 3.03, 1H), 
4.41-4.54 (m, 1H), 4.54-4.70 (m, 2H), 5.15-5.38 (m, 2H), 6.92-7.02 (m, 1NH), 7.25-7.32 
(m, 1NH), 7.30-7.42 (m, 1NH), 7.55-7.74 (m, 1NH); 13C-NMR (100 MHz, CDCl3), 
δ 15.9 (CH3), 17.9 (CH3), 18.0 (CH3), 18.0 (CH3), 19.1 (CH3), 19.3 (CH3), 28.0 (CH2), 
28.9 (CH2), 30.5 (CH), 30.9 (CH), 31.4 (CH2), 31.9 (CH), 42.1 (CH2), 52.0 (CH), 53.6 
(CH), 57.3 (CH), 71.1 (CH), 71.4 (CH), 76.4 (CH), 169.6, 170.4, 170.8, 171.2, 174.4, 
175.3 (C=O).   
 
(viii) compound III 
In a round bottom flask, 0.40 g (0.70 mmol) of III-11 was dissolved in 20 mL of 
anhydrous DCM. The solution was stirred for 10 min at 0°C, then 0.1446 g (1 eq.) of 1,3-
dicyclohexylcarbodiimide (DCC) was added followed by adding 0.0086 g (0.1 eq.) 
DMAP. The solution was stirred for 10 min. in an ice bath where upon 0.1611 g (1 eq.) of 
11-mercaptoundecanoic acid was added. After the solution was stirred at 0 °C for 1 hr, it 
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was then stirred for an additional 23 hrs. at room temperature.  The insoluble urea thus 
formed was filtered off, then the DCM was removed under vacuum at 45 °C to yield an 
off-white gum. The product was obtained by column chromatography (DCM:MeOH 
60:1) to yield 0.38 g of III as an light yellow oil, yield 70 %. Rf = 0.21 (DCM:MeOH 
60:1); 1H-NMR (400 MHz, CDCl3), δ 0.77 (d, J=7.07, 3H), 0.92 (d, J=7.07, 3H), 0.93-
1.05 (m, 12H), 1.21-1.42 (m, 15H), 1.45-1.57 (m, 5H), 1.57-1.72 (m, 4 H), 1.75-1.98 (m, 
2H), 1.98-2.16 (m, 2H), 2.16-2.36 (m, 3H), 2.44 (t, J=7.58, 2H), 2.52 (q, J=7.33, 2H), 
3.18-3.33 (m, 2H), 4.41-4.51 (m, 1H), 4.67-4.77 (m, 1H), 4.78-4.85 (m, 1H), 4.92 (d, J= 
5.31, 1H), 5.18-5.31 (m, 2H), 6.92 (d, J=8.59, 1NH), 7.08-7.15 (m, 1NH), 7.25 (d, 
J=9.09, 1NH), 7.60 (d, J=6.06, 1NH); 13C-NMR (100 MHz, CDCl3), δ 17.5 (CH3), 17.9 
(CH3), 18.0 (CH3), 18.8 (CH3), 19.1 (CH3), 19.2 (CH3), 25.1 (CH2), 25.7 (CH2), 25.8 
(CH2), 28.0 (CH2), 28.9 (CH2), 29.1 (CH2), 29.2 (CH2), 29.6 (CH2), 30.4 (CH), 30.6 
(CH), 31.5 (CH), 34.1 (CH2), 34.3 (CH2), 42.1 (CH2), 51.7 (CH), 56.6 (CH), 57.1 (CH),  
71.3 (CH), 71.5 (CH), 78.1 (CH), 169.6, 169.7, 169.9, 170.5, 170.9, 173.0, 175.3 (C=O).  
ESI-MS spectrum shows signal at 771.8 m/z consistent with C38H66N4O10S (M+H
+) calc. 
772.0 m/z. 
 
Preparation of SAMs.  The gold slides were prepared and cleaned in the same manner 
as previous described in chapter 4. SAMs of the compound III were prepared by 
immersing a clean gold slide into a 1-3 mM solution of III in ethanol for up to 24 hours.  
The SAMs were rinsed with ethanol and dried with nitrogen gas before use.  
Cyclic Voltammetry.   
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The cyclic voltammetry measurements were performed in a background electrolyte of 1 
mM Ru(NH3)6Cl3 with 0.1 M Et4NCl. The titration of the electrolyte with metal chloride 
(MCl, M = Na+, K+, NH4
+) was performed with solutions of 1 mM Ru(NH3)6Cl3 and MCl 
+ Et4NCl = 0.1 M.
 
 
Impedance Spectroscopy.  Impedance measurements were collected with a background 
electrolyte solution of 0.1 M tetraethylammonium chloride and titrated with 0.1 M 
solutions of metal chlorides (MCl, M = Na+, K+, NH4
+).  The electrolyte solution was 
bubbled with nitrogen at least 5 minutes before data acquisition.  The impedance plots 
were obtained in a frequency range of 10 kHz to 1 Hz, at an applied dc voltage of -0.5 V 
vs SCE, with an AC amplitude of 5 mV. 
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Ammonium Ionophore Results and Discussion  
 
The computational studies were carried out as a single molecule of compound III in both 
its unbound (metal ion-free) and bound states using the AMBER94, and MMFF94 force 
fields. The solvent dielectric 80 was used in this calculation because the selectivity 
testing would be preformed in aqueous solutions.  The results of the minimized energies 
for the metal complexes with III, for both force fields are shown in table 4.   
 
Table 4:  The results of the minimized energies for the ion complexes with III using 
force fields AMBER 94 and MMFF 94.   
 
Compound Amber 94, d.e. = 80 MMFF 94, d.e. =  80 
NH4
+ 50.2 
 
NH4
+ 418.0 
Na+ 119.9  (-69.7) 
 
Na+ 428.6 (-10.6) 
III (for NH4
+ sensor) 
K+ 121.2 (-71.0) 
 
K+ 430.1 (-12.2) 
In the parentheses show the energy difference form the most stable form, ammonium complexation. 
 
 
As shown in table 4, the stability of the ion-ionophore complexes gradually decreases 
from NH4
+, Na+ to K+ for both force fields with a dielectric constant of 80.  For each set 
of calculations the complex of III with a ammonium ion was found to be significantly 
more stable than the corresponding complexes for sodium ions (10.6 - 69.7 kcal/mole 
higher energy) and potassium ions (12.2 – 71.0 kcal/mole higher energy).   
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The results of molecular dynamics calculations for III in the complexed state with 
ammonium, sodium and potassium ions using AMBER94 with a dielectric constant of 80 
are shown in figure 35. 
 
 
 
 
 
 
 
 
 
 
Figure 35:  Minimized structures of III with NH4
+ (left), Na+ (center) and K+ (right) 
using AMBER 94. 
 
Molecular modeling of both systems shows that the ions are not located centrally within 
the cavity of the ligand.  The hydrogen bonding in the complexation of ammonium ion 
and the compound III contributes in part to the lower energy of ion-ionophore 
complexation.  The energy of the ion-ionophore complexation from the molecular 
modeling results predict that compound III may have selectivity for ammonium ion over 
sodium and potassium ions.  
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The synthesis of III involves the orthogonal protecting group strategy.  The protecting 
groups used in this synthesis are t-butyloxycarbonyl (Boc), benzyloxy (BzlO), and Fmoc.  
Three building blocks were synthesized and coupled sequentially as block 1, block 2 and 
block 3, then cyclized to give cyclic depsipeptide, and finally coupled with 11-
mercaptoundecanoic acid to give compound III. The strategies used for the synthesis of 
III are shown in schemes 10-12. The 1H-NMR and 13C-NMR spectra and the 
interpretation of all synthetic compounds are given in Appendix A3. 
 
Scheme 10 
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L
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L
D D
III-1
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In Scheme 10, acid catalyzed esterification of L-lactic acid with benzyl alcohol was 
carried out because the benzyloxy (BzlO) group was one of the orthogonal protecting 
groups in this synthetic strategy, and therefore the formation of benzyl ester of L-lactic 
acid had to be synthesized. The first step is the acid catalyzed esterification of L-lactic 
acid with benzyl alcohol to form the benzyl ester L-lactic acid, III-1, as a product.  The 
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benzyl alcohol used in this reaction is not only a solvent but also a reagent for acid 
catalyzed esterification.  The resulting compound, III-1, was then coupled to the free 
alcohol function of L-lactic acid benzyl ester with the acid function of Boc-D-Val-OH by 
using diisopropylcarbodiimide (DIPCDI) and 4-(dimethylamino)pyridine (DMAP) as 
coupling reagents to give block 1.  Carbodiimide compounds is one of the most useful 
reagents for coupling acids and alcohols to generate ester formation.138  In this synthesis, 
the DIPCDI was used, and the reaction was catalyzed by DMAP.  A mechanism of this 
coupling reaction is shown in scheme 13.  The first step in the mechanism is postulated as 
a 1,2 addition of the carboxylic acid to the carbodiimide function, producing and O-
acylisourea.138  This compound resembles a carboxylic acid anhydride and will then act 
as a powerful acylating agent. In the second step, the alcohol is added to the carbonyl 
group of the O-acylisourea to give a tetrahedral intermediate. The last step, the 
tetrahedral intermediate will dissociate to an ester and N,N’-diisopropylurea. 
 
Scheme 13 
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The 1H-NMR and 13C-NMR spectra and interpretation of block 1 are shown in Appendix 
A3, confirms that the product from the coupling reaction of L-lactic acid benzyl ester and 
Boc-D-Val-OH was formed to give block 1.   
O
OH
CH3
O
L
OH
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CH3 CH3
O
D
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+
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The benzyloxy protection group of block 1 was then cleaved using hydrogen gas and 
palladium on carbon supported as a catalyst to provide block 3.  The 1H-NMR and 13C-
NMR spectra are shown below and they confirm that block 3 was formed.  
 
      
O
CH3
O
O
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CH3 CH3
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BLOCK 3
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The 1H-NMR spectrum of block 3 exhibits two doublets at δ 0.96 (3H) and 1.00 (3H) due 
to two non-equivalent methyl groups, and is coupled to the CH proton (valine moiety).  
The multiplets at δ 1.43-1.51 (m, 12H) are due to three methyl groups of t-butyl 
protecting group and methyl group of the lactic acid moiety.  A multiplet at δ 2.11-2.22 
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(1H) belongs to the proton on the carbon of the isopropyl group connected to two methyl 
groups of the valine moiety.  The CH proton on the chiral center of the valine moiety 
connected to isopropyl group appears as a doublet at δ 4.10 (1H).  A CH proton on a 
chiral center of lactic acid moiety connected to methyl group appears as a multiplet at δ 
5.05-5.10 (1H).  The absence of the downfield signals at δ 7.30-7.40 (aromatic photon) 
further confirms the successful deprotecting step.  
 
 
The 13C-NMR spectrum exhibits upfield signals due to methyl carbon at δ 16.5, 17.4, 
18.6, 27.6, 27.8, 27.8.  The signal at δ 30.9 is due to the sp3-carbon of valine moiety, 
while the signal at δ 59.7 belongs to the signal of sp3-carbon (chiral carbon center) of the 
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valine moiety.  The signal of the sp3-carbon (chiral carbon center) of the lactic moiety 
appears at δ 69.4.  The signal at δ 79.6 is due to a quaternary carbon of a t-butyl group, 
confirmed by the absence of this signal in DEPT 135.  The absence of the aromatic sp2-
carbon signals at δ 128.3-135.3 further confirms the successful deprotection.  Three 
carbonyl carbons (C=O) appear downfield at δ 157.2, 172.1, and 172.8.  
 
 
The strategy used for the synthesis of block 2 is shown in scheme 11. Here, acid 
catalyzed esterification of D-hydroxyisovaleric acid with benzyl alcohol was carried out 
to form the D-hydroxyisovaleric acid benzyl ester, III-2.  This is then followed by the 
coupling of the free alcohol function of III-2 with the acid function of Boc-Lys(Fmoc)-
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OH by using DIPCDI and DMAP as coupling reagents to give III-3.  Finally, III-3 was 
allowed to undergo hydrogenation using hydrogen gas and palladium on carbon 
supported as a catalyst to provide block 2.  The 1H-NMR and 13C-NMR spectra of block 
2 are shown below, and the NMR of the products in the intermediate steps are given in 
Appendix A3. 
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The 1H-NMR spectrum of block 2 exhibits two doublets at δ 0.99 (3H) and 1.00 (3H) due 
to the two non-equivalent methyl groups connected to CH-proton (hydroxyisovaleric acid 
moiety).  The multiplets at δ 1.25-1.55 (13H) belong to three methyl groups of t-butyl 
protecting group, and two methylene groups of lysine moiety.  Two diastereotopic 
protons, connected to CH proton on a chiral center of lysine moiety, appear as multiplets 
at δ 1.61-1.76 (1H), and 1.76-1.95 (1H).  The multiplet at δ 2.19-2.35 (1H) is due to a CH 
proton connected to two methyl groups of hydroxyisovaleric acid moiety.  The multiplet 
at δ 2.92-3.25 (2H) is due to the methylene protons of lysine moiety bonded to Fmoc 
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group.  A group of multiplets at δ 4.11-4.25 (1H), 4.33-4.48 (2H), 4.85-4.98 (1H), and 
5.18-5.32 (1H), is difficult to identify among the CH proton on a chiral center of the 
lysine moiety, CH proton of Fmoc group, methylene protons of Fmoc group, and CH 
proton at the chiral center of hydroxyisovaleric acid moiety.  The aromatic protons appear 
downfield as a multiplet at δ 7.24-7.42 (4H) and two doublets at δ 7.57 (2H) and 7.74 
(2H).  The OH proton of acid appears as a broad signal at δ 10.0.  The absence of the 
signals of methylene protons connected to phenyl ring, and the aromatic protons of 
phenyl ring further confirms the successful deprotection.   
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The 13C-NMR spectrum of block 2 exhibits two upfield signals at δ 17.1 and 19.0 due to 
methyl carbons of hydroxyisovaleric acid moiety.  The signals at δ 22.5, 29.5, 32.1, 40.7 
belong to the sp3-carbons of lysine moiety. Three methyl groups of t-butyl group exhibits 
signal at δ 28.3 and 28.3.  The signal at δ 30.1 is due to the sp3-carbon of isopropyl 
group.  The signals at δ 47.3 and 53.6 are due to the sp3-carbon of Fmoc group and sp3 
carbon chiral center of lysine moiety, respectively.  The signal at δ 66.7 belongs to the 
sp3-carbon connected to aromatic rings, Fmoc group.  The signal of a sp3-carbon chiral 
center of hydroxyisovaleric acid moiety appears at δ 77.4.  The signal at δ 80.3 is due to a 
quaternary carbon of a t-butyl group.  The phenyl carbons appear at δ 120.1, 125.0, 
125.2, 127.2, 127.8, 127.9, 141.4, and 144.0.  The absence of the aromatic sp2-carbons 
signals at δ 128.3-135.3 further confirms the successful deprotection.  Four carbonyl 
carbons (C=O) appear downfield at δ 155.8, 156.8, 172.4 and 173.0.  
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The strategy used for the synthesis of compound III is shown in scheme 12.  
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In scheme 12, block 1 was undergone the deprotection of t-butyl protecting group by 
treatment wit 50% TFA in DCM for 1 hour to achieve III-4.  
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The t-butyloxycarbonyl group (Boc) is called acid-labile protecting group and is cleaved 
by acid, promoted by a formation of a stabilized carbocation.93  The mechanism of this 
reaction was explained previously in chapter 1. The 1H-NMR and 13C-NMR spectra of 
III-4 are shown in Appendix A3 and confirm the successful deprotection. 
 
The coupling reaction of III-4 and block 2 was carried out to form III-5 by PyBOP and 
HOBT, the coupling reagents for the formation of amide in standard solid phase 
synthesis. The mechanism of PyBOP/HOBT-mediated amino acid coupling is shown in 
scheme 14. The 1H-NMR, 13C-NMR spectra DEPT 135 and DEPT 90 confirm that the 
product, III-5, was formed.   
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Scheme 14 
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Deprotection of the t-butyl group of III-5 was carried out by using trifluoroacetic acid in 
dichloromethane at room temperature to achieve III-6.   
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Then, the coupling reaction of III-6 and block 3 was carried out using Pybop and HOBT 
as coupling reagents.  The 1H-NMR and 13C-NMR spectra confirm that the product, III-
7, was formed.   
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The linear depsipeptide, III-7, was then subjected to catalytic hydrogenation to remove 
the benzyloxy protection group to obtain III-8.  The 1H-NMR and 13C-NMR spectra 
confirm the successful deprotection.   
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The t-butyl group of III-8 was then cleaved by using trifluoroacetic acid in 
dichloromethane to achieve III-9.  
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Then, the cyclization reaction of III-9 was carried out using HATU and HOAT as 
coupling reagents and DIPEA as a base.  The 1H-NMR, 13C-NMR and ESI-MS spectra 
confirm that the product was formed. 
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The Fmoc group of the cyclic depsipeptide, III-10, was then cleaved by treatment with 
10% piperidine in dichloromethane for 20 min at room temperature.  The 1H-NMR and 
13C-NMR spectra confirm the successful deprotection step. 
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The deprotected compound, III-11, was then coupled with mercaptodecanoic acid using 
DCC as a coupling reagent and DMAP as a catalyst.  The 1H-NMR, 13C-NMR, DEPT 
135 and ESI-MS spectra are shown below, and confirm that the target molecule (III) was 
formed. 
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The 1H-NMR spectrum of the resulting compound, III, exhibits upfield signals of two 
doublets and a multiplet at δ 0.77 (3H), 0.92 (3H), and 0.93-1.05 (12H) due to the six 
non-equivalent methyl groups connected to CH-proton (hydroxyisovaleric acid and 
valine moieties).  The multiplets at δ 1.21-1.42 (15H), 1.45-1.57 (5H), 1.57-1.72 (4H), 
1.75-1.98 (2H) and  1.98-2.16 (2H) are difficult to distinguish between six methylene 
protons of lysine moiety, six methyl protons of the lactic acid moieties and sixteen 
methylene protons of alkyl chain.  A multiplet at δ 2.16-2.36 (3H) is due to three CH 
protons connected to two methyl groups of valine and hydroxyisovaleric acid moieties.  
A triplet and a quartet at δ 2.44 and 2.52 belong to methylene protons from an alkyl 
chain.  A multiplet at δ 3.18-3.33 (2H) is due to the methylene protons of lysine moiety 
bonded to amino group.  A doublet at δ  4.92 (1H) and a group of multiplets at δ 4.41-
4.51 (1H), 4.67-4.77 (1H), 4.78-4.85 (1H) and 5.18-5.31 (2H) are difficult to distinguish 
among the CH proton on a chiral center of the lysine moiety and two CH protons on 
chiral centers of valine moieties, CH proton at the chiral center of hydroxyisovaleric acid 
moiety and two CH protons on chiral centers of lactic acid moieties.  The signals of NH 
protons appear as doublets at δ 6.92 (1NH), 7.25 (1NH) and 7.60 (1NH) and a multiplet 
at δ 7.08-7.15 (1NH).  
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The 13C-NMR spectrum exhibits upfield signals at δ 17.5, 17.9, 18.0, 18.8, 19.1 and 19.2 
due to methyl carbons of hydroxyisovaleric acid, valine and lactic acid moieties.  The 
signals at δ 25.1, 25.7, 25.8, 28.0, 28.9, 29.1, 29.2, 29.6, 34.1, 34.3 and 42.1 are due to 
methylene carbons of lysine moiety and methylene carbons of alkyl chain, which are 
further confirmed by DEPT 135 given negative signals.    The signals at δ  30.4, 30.6 and 
31.5 belong to three sp3-carbons of isopropyl groups.  The signal of the sp3-carbon at 
chiral center of lysine moiety appears at δ 51.7.  The signals at δ 56.6 and 57.1 are due to 
the signals of sp3-carbons (chiral carbon center) of two different valine moieties.  The 
signals at δ 71.3 and 71.5 are due to the sp3-carbons (chiral carbon center) of two lactic 
 165 
moieties.  The signal of sp3-carbon chiral center of hydroxyisovaleric acid moiety appears 
at δ 78.1.  Seven carbonyl carbons (C=O) appear downfield at δ 169.6, 169.7, 169.9, 
170.5, 170.9, 173.0 and 175.3. The ESI-MS spectrum shows a signal at 771.8 m/z 
consistent with C38H66N4O10S (M+H)
+. 
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Monolayer Characterization.   
Formation of a monolayer on gold was monitored by grazing angle infrared spectroscopy, 
contact angle goniometry, and ellipsometry.  Grazing-incidence IR was used to identify 
the functional groups of the monolayer on gold. As shown in figure 36, the SAM of III 
showed a broad absorption band around 3234 cm-1 which could be due to the 
intramolecular hydrogen bonding of sensor molecules or some water molecules on the 
SAM.  The small absorption bands, centered at 2969 and 2933 cm-1, are due to C-H 
stretching vibration of the alkyl chain and methyl groups, respectively. Other significant 
bands in this IR spectrum are the absorption peaks at 1741 and 1673 cm-1 corresponding 
to the C=O stretching vibration of carbonyl group of the ester bond and amide bonds, 
respectively. An absorption peak at 1435 cm-1 was assigned to the C-N stretching mode, 
and an absorption peak at 1114 cm-1 corresponds to the stretching mode of C-O bonds. 
 
 
 
 
 
 
 
 
Figure 36:  Grazing angle FT-IR spectrum of III on gold. 
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Wettability studies of a monolayer of III by contact angle goniometry demonstrated that 
the surface is slightly hydrophobic. SAM of III on gold have a contact angle of 46±2° 
which indicated the formation of a hydrophobic layer compared to a bare gold (a contact 
angle <10°) and a SAM of hexadecanethiol (a contact angle of 112°).62 
 
Ellipsometry measurement demonstrates that the layer thickness of the SAM is 2.2 ± 0.2 
nm.  A distance of compound III, calculated by molecular modeling (MOE), is equal to 
2.8 nm. By comparing this information, it indicates that SAM II forms a single layer on 
the surface and tilts at 38.2° normal to the surface.  The organization of a well-packed 
alkanethiol SAM on gold surface usually tilts about 30º perpendicular to the surface.75 
 
Selectivity studies by cyclic voltammetry and impedance spectroscopy.   
The analysis of the SAM based sensor was carried out following previously reported 
procedures. Cyclic voltammetry in the presence of Ru(NH3)6Cl3 was carried out to 
observe cation binding to the SAM.  The CV experiments were initially carried out with 
an aqueous solution of 1 mM Ru(NH3)6Cl3 and 0.1 M Et4NCl, and then the titration of the 
electrolyte with the metal chloride (MCl) was performed with solutions of 1 mM 
Ru(NH3)6Cl3 and MCl + Et4NCl = 0.1 M in order to ensure a constant concentration of 
the background electrolyte and the redox couple, thus eliminating ionic strength effects.    
In contrast to SAM II (chapter 4), the CV results of these solutions showed that the film 
did not block the redox process of Ru(NH3)6Cl3 for all ions in this study.  CVs obtained at 
two different concentrations of NH4
+ ions are shown in figure 37.  This result implies that 
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the compound III consisting of the bulky ionophore could affect in loose pack of the 
monolayer, thus the redox process of Ru(NH3)6Cl3 could still proceed.  
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Figure 37: Cyclic voltammograms of SAMs III on gold electrode in aqueous solutions. 
The solid CV is recorded in 100 mM Et4NCl + 1 mM Ru(NH3)6Cl3; the dotted CV is 
recorded in 40 mM NH4Cl + 60 mM Et4NCl + 1 mM Ru(NH3)6Cl3. 
 
A more quantitative analysis was carried out using impedance techniques to show the 
ability of the SAM to bind NH4
+ ions selectively. Impedance spectroscopy experiments 
were obtained in the presence of a background electrolyte solution of 0.1 M Et4NCl at a 
constant potential of -0.5 V vs a SCE reference electrode at different concentrations of 
NH4
+, K+ or Na+.  The experimental Nyquist plots can then be fit to a model circuit, in 
this case a Randles equivalent circuit, using non-linear least squares fitting to calculate 
the capacitance of the monolayer-covered electrode.  Nyquist plots obtained at two 
different concentrations of NH4
+ ions are shown in figure 38.   
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Figure 38:  Nyquist plots obtained at -0.5 V vs SCE with a supporting electrolyte 
solution of (1) 0 mM NH4Cl and 0.1 M tetraethyl ammonium bromide and (2) 20 mM 
NH4Cl and 0.08 M tetraethyl ammonium bromide.  The inset illustrates the equivalent 
circuit used to fit the spectra in this study. 
 
Fitting this data to the equivalent circuit gives capacitance values for the monolayer that 
are related to metal ion concentration.  The capacitance of the monolayer will change in 
relation to the degree of ion binding due to the increase in the dielectric constant of the 
film as more metal ions are complexed.  A plot of capacitance changes vs ion 
concentration is shown in figure 40.  The capacitance results show that the SAMs have a 
lower affinity for Na+ and K+ compare to that for NH4
+. The complexation of NH4
+ and 
compound III on the gold surface was studied to provide evidence that the supporting 
electrolyte (tetrabutyl ammonium bromide or tetraethyl ammonium chloride) does not 
significantly interfere in the impedance measurements.  The molecular modeling of 
W
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compound III in water using the forcefields AMBER94 and MMFF94 showed unstable 
complexes of III to tetraethyl ammonium ion.  The results of the selectivity testing was 
performed by Dr. Ernesto Soto and it was shown that the capacitance increases as a 
function of ion concentration until it reaches a plateau, beyond which it is constant up to 
the maximum concentration tested (0.1 M).  Figure 39 demonstrates that SAMs of this 
sensor provides selectivity for ammonium ions over potassium and sodium ions with log 
KNH4+,Na+ ~ -1.23 and log KNH4+,K+ ~ -1.17. Selectivity was calculated by a method used in 
ion selective electrode applications and as explain in chapter 1.   
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Figure 39:  Capacitance as a function of ion concentration for different ions.  
 
The results show selectivity for NH4
+ detection compared to the other ions.  In this study 
we speculated that the change of the capacitance after ion binding is due to a change in 
the dielectric constant only.  However, it is possible that when the binding occurs, the 
ion-ionophore complex can cause a significant change in the complex conformation, and 
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therefore create a leaky film (increasing the exposed gold area), which can cause a 
capacitance change.  In this study the CV was not blocked after the addition of the ions, 
which indicated that the SAM III did not provide the closed packing film.  The addition 
of ion to the SAM III provided the increasing in a capacitance change, which speculate 
that due to both binding event and ion-ionophore complex caused the significant 
increasing the exposed gold area.  Moreover, a change in the complex conformation can 
also cause a change in the film thickness which can result in a capacitance change.   
 
The selectivity of compound III for ammonium ions over potassium ions was higher than 
the nonactin (log K NH4+,K+ ~ -0.9 in ISE format), a compound used for detection of 
ammonium ions in commercial ion selective electrodes. Moreover, the ionophore of 
compound III, A-1 (figure 34), was previously studied and used as an ionophore for ISE 
format.  This ionophore in a PVC membrane provides selectivity for ammonium ions 
over potassium and sodium ions with log KNH4+,Na+ ~ -2.1 and log KNH4+,K+ ~ -0.6. It is 
interesting to note that the ionophore appears to exhibit a different selectivity in the 
different formats.  
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Conclusion of Ammonium Ionophore work 
Monolayers of hexadecanethiol coupled to a cyclic depsipetide molecule with the ability 
to selectively complex NH4
+ ions were fabricated.  The ability of these monolayers to 
function as sensors was shown by impedance spectroscopy techniques.  Impedance 
experiments in the absence of a redox probe (i.e. only supporting electrolyte) provided 
reproducible data that shows a change in monolayer capacitance upon ion complexation.  
The compound showed moderate selectivity for complexation of NH4
+ ions over other 
ions, with log KNH4+,Na+ ~ - 1.23 and log KNH4+,K+ ~ - 1.17.  This selectivity over 
potassium ions is superior to that obtained for an ionophore of this compound in an ISE 
membrane log KNH4+,K+ ~ - 0.6 and, it is somewhat less selectivity for sodium 
ions - log KLi+,Na+ ~ -2.1.  This study shows that selective ion complexation can be 
demonstrated on surfaces using an impedance measurement technique. 
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Chapter 6 
Ammonium Ionophores for  
Ion Selective Electrode Applications 
 
The first report of an ion selective electrode (ISEs) based on bulk membranes containing 
an ion carrier was introduced more than 40 years ago, and it was estimated that by 1990 
more than 7,000 papers on ISEs had already been published.11, 15 ISEs are considered as 
one of the most important groups of chemical sensors.11 Selective electrodes based on a 
solvent polymeric membrane doped with nonactin are the standard and are routinely used 
for the direct determination of ammonium ions in aqueous samples.20, 89  These electrodes 
are also used in an applications of biosensor construction for analysis of urea and 
creatinine which produce ammonium ions as detectable species in the enzyme containing 
layer overcoated on them.20, 139  The chemical structure of nonactin is shown in figure 40.  
 
 
 
 
 
 
 
Figure 40: Chemical structure of nonactin 
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Nonactin forms four hydrogen bonds using ether oxygens with ammonium ions while the 
four carbonyl oxygens stabilize the cation by dipole interactions.20 Nonactin provides 
selectivity for complexation of ammonium ions over sodium and potassium ions with  
log KNH4+,Na+ = - 2.4 and log KNH4+,K+ = - 1.0 in ISEs format,
11 which is not sufficient to 
determine the ammonium ion concentration in samples that contains high concentrations 
of sodium and potassium ions, such as sea water, or physiological fluids.20 To overcome 
such limitations, there have been many attempts to develop new synthetic ammonium 
ionophores that improve the selectivity.12, 13, 17, 20, 28, 140-142 Chemical structures of some 
potential ammonium ionophores are shown in figures 41-45. 
 
 
 
 
 
         
Figure 41: Chemical structures of cryptand. 
 
One of the first potential ammonium ionophores, reported in 1982 by Lehn et al., was the 
spherical macrotricyclic cryptand (figure 41).17  Cryptand exhibited very high selectivity 
of ammonium over potassium (250 times higher than nonactin) as determined by NMR 
studies.17  This enhancement of selectivity has been attributed to the tetrahedral binding 
site geometry of this compound that favors complexation to the tetrahedral structure of 
ammonium ions over that of spherically symmetrical potassium ions.  The tetrahedral 
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geometry of this compound is due to its ability to donate four hydrogen bonds to stabilize 
a bound ammonium ion. Moreover, this compound also provides the rigid structure, 
necessary to prevent the complexation of larger or small interfering ions. This design 
demonstrates the important considerations of hydrogen bonding ability, tetrahedral 
geometry and rigidity of the structure of the ammonium ionophore in order to improve 
selectivity. Unfortunately, this cryptand was not appropriate for ISEs format in 
physiological media since it was too basic and it was hydrophilic and would leach from 
the membrane into the aqueous phase during measurement.  In addition, this system was 
an irreversible system due to a very low dissociation constant indicating very slow cation 
exchange, whereas as ISE sensor application required reversible ion binding.6, 17 
 
 
 
 
 
 
 
Figure 42: 1,3,5-tris(3,5-dimethylpyrazol-1-ylmethyl)-2,4,6-triethyl benzene (tripodal 
compounds) 
 
Kim et al. reported the use of a group of tripodal compounds consisting of three pyrazole 
groups that can provide three H-bonds with ammonium ions in ISE format (figure 42).12, 
13  An ISE incorporating compound c showed improvement in ammonium ion selectivity 
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over potassium ion (log KNH4+,K+ = -2.8) compared to nonactin. This compound was 
designed to have a tetrahedral binding site geometry using the lone pair electrons on the 
imine nitrogens, as well as cation-pi interactions between the ionophore and the 
ammonium ion. 
 
 
 
 
 
 
 
Figure 43: Two benzene rings held together by three benzocrown ether units 
 
Kim et al. further developed and synthesized an ammonium ionophore consisting of two 
benzene rings held together by three benzocrown ether units (figure 43).140 This design 
was based on both hydrogen bonding and cation-pi interactions between the ammonium 
ion and the ionophore, as well as a rigid framework with a cavity of the correct size. This 
ionophore provides higher selectivity of ammonium ions over sodium and potassium ions 
compared to nonactin, with log KNH4+,Na+ = - 3.00 and log KNH4+,K+ = - 0.97,
 
 while those 
for the same type of membranes with nonactin gave log KNH4+,Na+ = - 2.85 and log 
KNH4+,K+ = - 0.88.
140 In addition, this compound is easy to synthesize requiring only two 
synthetic steps with a reasonable yield of 46 % yield).  
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Figure 44: Thiazole-containing benzo-crown ether 
Nam et al. reported the use of a group of thiazole-containing benzo-crown ethers as 
ammonium sensors in ISE format (figure 44).20  These compounds were designed to have 
an appropriate size fit to ammonium ions.  In this compound the thiazole groups provide 
hydrogen bonding sites, while the aromatic groups increase the rigidity of the ionophores. 
Among the compounds in this group, the compound in figure 44 provides the best 
selectivity of ammonium ions over sodium and potassium ions, with log KNH4+,Na+ = - 3.9 
and log KNH4+,K+ = - 1.3,
20 while those for the same type of membranes with nonactin 
give log KNH4+,Na+ = - 3.0 and log KNH4+,K+ = - 1.0.
11 In addition, the alkyl chain 
connecting to the compound was used for increasing the lipophilicity of the ionophore. 
 
 
 
 
 
 
Figure 45: Crown ether containing three decalino subunits 
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Suzuki et al. synthesized ammonium ionophores based on crown ethers containing three 
decalino subunits (figure 45).141, 142 The design principle of these ionophores is based on 
the combination of two factors, the ring size of the crown ether being suitable for an 
ammonium ion, and the introduction of bulky blocking subunits to prevent the 
complexation of the interfering ions, as well as increasing the lipophilicity of the 
ionophores. Three decalino groups, introduced to the crown ether ring, hinder the 
formation of sandwich-type complexes with larger cations and provided rigidity to 
prevent the formation of wrapping-type complexes with small cations. 19-membered 
crown ethers containing three decalino subunits provide high selectivity of ammonium 
ions over sodium ions and similar selectivity of ammonium ions to potassium ions 
compared to those of nonactin, with log KNH4+,Na+ = - 3.52 (nonactin -3.0) and log 
KNH4+,K+ = - 1.0 (nonactin = -1.0).
142 20-membered crown ether containing three decalino 
subunits provides high selectivity of ammonium ions over sodium and potassium ions, 
with log KNH4+,Na+ = - 2.5 (nonactin = -3.0) and log KNH4+,K+ = - 1.5 (nonactin = -1.0).
141  
 
The above design of ionophores demonstrated the important considerations of hydrogen 
bonding ability, cation-pi interactions, tetrahedral geometry and rigidity of the structure as 
well as increasing the lipophilicity of the ammonium ionophores in order to improve 
selectivity in ISE format. 
  
Previous work in our lab focused on the design and synthesis of an ammonium ionophore 
based on a cyclic depsipeptide (figure 46, left).6  
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Figure 46: Structures of monocyclic depsipeptide ammonium ionophore, A-1, (left), 
valinomycin (right) 
 
The design of this ionophore was inspired by valinomycin (figure 46, right), an antibiotic 
of Streptomyces fulvissimus,11 which has a  high selectivity for potassium ions (log 
KK+,Na+ = - 4.5).
11 Valinomycin is a cyclic depsipeptide consisting of alternating amide 
and ester bonds (six bonds each). In non polar solvents, valinomycin preorganizes 
through hydrogen bonding of the amide carbonyl groups to from a pocket with six ester 
carbonyls as the source of electrostatic stabilization for potassium ions through 
octahedral-type complexation.11, 143 Unlike valinomycin, A-1 consists of only three amide 
and three ester bonds, that prevents the compound from folding upon itself.  Based on 
molecular modeling, this ionophore provided an appropriate size fit for an ammonium ion 
and additionally offered multiple sites for hydrogen bonding interactions.29  A-1 exhibited 
almost similar selectivity of ammonium ions over sodium and potassium ions, compared 
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to those of nonactin, with log KNH4+,Na+ = - 2.1 (nonactin -3.0) and log KNH4+,K+ = - 0.6 
(nonactin -1.0).6, 11, 29   
 
The above ammonium ionophores for ISEs format are summarized in table 5. 
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Table 5: Development of ammonium ionophore for ISEs 
Chemical Structure Design Selectivity 
(NH4
+
/K
+
) 
The use for 
ISEs 
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O
N
O
N
O
N
OO
        Ref.17 
-tetrahedral binding  
 site geometry 
- rigid structure 
250 times higher than 
nonactin 
can not use for ISEs  
due to 
- irreversible ion   
  binding 
- too basic  
- too hydrophilic 
 
N
N
N
N
N
N
    Ref.12 
- tetrahedral 
  binding site    
  geometry 
-using lone pair 
 electrons on the 
 imine nitrogens  
high NH4
+/K+ 
selectivity compare 
to nonactin 
log ++ KNHK ,4
=-2.6  
(nonactin = –1.0) 
Can be used in an 
ISEs format  
   
O
O
O
O
O
O
Ref.141,142 
- add rigid structure  
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  lipophilicity of 
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+/K+ 
selectivity compare 
to nonactin 
log ++ KNHK ,4
=-1.0  
(nonactin = –1.0) 
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                                            Ref. 20  
- size fit design 
- increase rigidity  
- the thiazoles 
  provide hydrogen  
  bonding sites 
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log ++ KNHK ,4
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Previous work has demonstrated that a monocyclic depsipeptide modified from the 
valinomycin structure, illustrates selectivity of ammonium ions over sodium and 
potassium ions. In order to increase rigidity and retain the tetrahedral biding site, we 
incorporated a second ring into the structure. The addition of a second ring in the bicyclic 
depsipeptide should increase the rigidity, preorganisation, and selectivity of this 
compound for ammonium ions. This idea is inspired by previous designs of three-
dimentional analogues of crown ethers that incorporate a second ring in work done by 
Jean-Marie Lehn.22  Chemical structures of cryptand and 18-crown-6 are shown in figure 
47. This cryptand provides a high rigidity and a similar sized ring to 18-crown-6, 
therefore potassium ions could be encapsulated entirely within this crown-like host with 
consequent gains in selectivity. The binding of potassium ions by this cryptand in 
methanol is about 104 times stronger than 18-crown-6. The effect of rigidity and 
preorganisation was previously described in chapter 1. 
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Figure 47: The chemical structure of 18-crown-6 and cryptand  
 
This chapter provides details of the design and synthesis of two new macrobicyclic 
ammonium ionophores (compounds IV and V). Molecular modeling demonstrates that 
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both molecules possess the required attributes based on the above discussion. The 
chemical structures of compounds IV and V are shown in figure 48.  
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Figure 48: Structure of ammonium ionophores IV and V for ion selective electrode 
format. 
 
Compounds IV and V are bicyclic-depsipeptides, in which one ring contains alternating 
amide and ester groups linked together.  Compound IV consists of three ester and three 
amide bonds in the main ring, and the configuration of the carbon chiral centers are L-D-
D-L-D-L. On the other hand, compound V consists of two ester and four amide bonds in 
the main ring, and the configuration of the carbon chiral centers are D-L-L-D-L-L. These 
compounds were inspired by valinomycin and previous work, reported recently by our 
working group (figure 46, A-1).6 Compound IV was the earlier developed ionophore; 
therefore the configuration (D- or L-) of the carbon chiral centers was kept the same as in 
previous work. Compound V was developed later and the configuration (D- or L-) of the 
carbon chiral centers relies on the commercially availability of the starting materials, and 
compatibility of the synthetic method.  
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For both compounds, cyclization of the linear depsipeptides was followed by a second 
cyclization step utilizing the side chains of two of the molecule’s subunits (lysine and 
glutamic acid) to form basket-like molecules which provide rigid structures that present 
several of the carbonyl groups in orientations suitable for H-bonding with ammonium 
ions. Preliminary computational studies predict that both compounds, IV and V, could 
provide selectivity for NH4
+ over K+ that is superior to the current industry standard, 
nonactin, as well as previous ammonium ionophore reported recently by our working 
group.6 
 
This chapter will be presented in two sections that discuss ionophores IV and V. It will 
consist of molecular modeling results, synthesis of the ionophores and the corresponding 
selectivity testing in ISEs format.  
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Molecular Modeling Experiments. 
The energy minimized structures of IV and V were calculated using two different force 
fields for comparative purposes, AMBER94 and MMFF94.  Calculations with each force 
field were carried out using a dielectric of 5 (the membrane solvents used in this study are 
DOP (ε = 5)144 and NPOE (ε = 24))144 and 80 (aqueous). More details of molecular 
modeling simulations were previously explained in chapter 2.  
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Ammonium Ionophore IV Experiments  
 
Synthesis of IV. (Schemes 15-21)  
All NMR and Mass Spectroscopy data are given in Appendix A4. 
 
The strategy to synthesize IV was modified from previous work.6, 145 All of the ester and 
amide bonds of the depsi-peptide were created in solution. Five types of protecting 
groups, t-Bu, BOC, Fmoc, benzyl and BzlO, were used in this synthesis. The synthetic 
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schemes for target compound IV are shown in retrosynthesis 1 and 2, and schemes 15-21. 
Retrosynthesis 1 shows the first synthetic route to synthesize IV.  
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Retrosynthesis 1 
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Synthesis of IV-2  
Scheme 15 
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(i) Benzyl ester L-lactic acid, (BzlO-L-Lac)   
The title compound was synthesized in the same manner as chapter 5 (page 128). 
 
(ii) BzlO-L-Lac-D-Val-N-fmoc (IV-1) 
In a round bottom flask, 10.00 g (23.50 mmol) of Fmoc-D-Glu-(OtBu)OH was dissolved 
in 100 mL of DCM. The solution was stirred for 15 min at 0°C, then 3.68 mL (1 eq.) of 
DIPCDI was added followed by adding 0.29 g (0.1 eq.) of DMAP. The solution was 
stirred for 15 min. in an ice bath where upon 4.23 g (1 eq.) of L-lactic acid benzyl ester 
was added. After the solution was stirred at 0 °C for 1 hr, it was then stirred for an 
additional 17 hrs. at room temperature.  The insoluble urea was removed by filtration and 
the filtrate was washed three times with 100 mL saturated NaHCO3, three times with 100 
mL 10% citric acid and then dried over Na2SO4. The DCM was then removed under 
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vacuum, at 45 °C to yield a yellow gum. The product was obtained by flash 
chromatography (Biotage Flash 40 column 15 cm x 7 cm, hexane: DCM: EtOAc 
60:30:10) to yield 5.52 g of a colorless oil, yield 40 %. Rf = 0.31 (60:30:10 hexane: 
DCM: EtOAc); 1H-NMR (400 MHz, CDCl3), δ 1.26-1.53 (m, 12H), 1.88-2.42 (m, 4H), 
4.22 (t, J = 7.07, 1H), 4.31-4.51 (m, 3H), 5.13-5.23 (m, 3H), 5.50 (d, J = 8.34, 1H), 7.18-
7.52 (m, 9H), 7.60 (d, J=7.58, 2H), 7.76 (d, J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), 
δ 17.2 (CH3), 27.8 (CH2), 28.5 (CH3), 31.7 (CH2), 47.5 (CH), 53.9 (CH), 67.5 (CH2), 
67.6 (CH2), 70.0 (CH), 81.3 (C), 120.4, 125.5, 127.5, 128.1, 128.6, 128.9, 129.0, 135.5, 
141.7, 144.1, 144.3 (Ar), 156.3, 170.3, 171.7, 172.5 (C=O). ESI-MS spectrum shows 
signal at 611.0 m/z consistent with C34H37NO8Na (M+Na
+), calculated 610.7 m/z. 
 
 
(iii) L-Lac-D-Glu(O-tBu)-N-fmoc, (IV-2) 
In a flask, 5.52 g (9.4 mmol) of IV-1 was dissolved in 100 mL DCM.  The benzyl group 
was removed by hydrogenation using 0.50 g of 10 % wt Pd activated carbon as the 
catalyst, and hydrogen (H2) gas flowed over for 2 hrs. Then the Pd activated carbon 
removed by filtration and the filtrate was concentrated under vacuum at 45°C to yield a 
light-yellow gum. The product was obtained by flash chromatography (Biotage Flash 40 
column 15 cm x 7 cm, DCM:MeOH 85:15) to yield 3.86 g of a white amorphous solid, 
yield 82 %. Rf = 0.4 (85:15 DCM:MeOH); mp 55-62 °C ; 
1H-NMR (400 MHz, CDCl3), δ 
1.39-1.53 (m, 12H), 2.32-2.39 (m, 4H), 4.21 (t, J = 7.07, 1H), 4.35-4.55 (m, 3H), 4.75-
5.11 (m, 1H), 7.23-7.41 (m, 4H), 7.58 (d, J = 7.58, 2H), 7.74 (d, J = 7.58, 2H), 9.21 (s, 
br, 1H); 13C-NMR (100 MHz, CDCl3), δ 17.2 (CH3), 27.1 (CH2), 28.1 (CH3), 31.4 (CH2), 
47.0 (CH), 53.5 (CH), 67.2 (CH2), 69.5 (CH), 81.1 (C), 119.8, 120.0, 124.0, 125.1, 126.9, 
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127.1, 127.7, 128.2, 129.0, 141.3, 143.6, 143.8 (Ar), 156.2, 171.3, 172.4 (C=O).  ESI-MS 
spectrum shows signal at 520.1 m/z consistent with C27H31NO8Na (M+Na
+), calculated 
520.5 m/z. 
 
Synthesis of IV-4  
Scheme 16 
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(i) Benzyl (S)-6-(tert-butyloxycarbonylamino)-2-hydroxy-hexanoate,  
    (BzlO-L-Lys(N-boc)-OH), (IV-3)   
The title compound was synthesized in the same manner as a previous work.145 BzlO-L-
Lys(N-boc)-OH, lysine analogue, was prepared from commercially available L-
Lys(Cbz)-OH. Transformation of α-NH2 of L-Lys(Cbz)-OH to α-OH underwent 
diazotization by using NaNO2 in 50% acetic acid, followed by removal of a 
benzyloxycarbonyl (Cbz) group and then reprotected of the exposed amine with a Boc 
group. Atherthat, the exposed carboxylic group was protected by benzyl bromide. The 
product (IV-3) yielded as the colorless oil. [α]D -9.7 (c 1.0, CHCl3);  
1H-NMR (400 MHz, 
CDCl3), δ 1.24-1.62 (m, 13H), 1.65-1.81 (m, 2H), 2.78 (d, J = 5.56, 1H), 3.08 (s-br, 2H), 
4.20-4.24 (m, 1H), 4.48 (s-br, 1H), 5.21 (s, 2H), 7.20-7.83 (m, 5H); 13C-NMR (100 MHz, 
CDCl3), δ 21.9 (CH2), 28.4 (3CH3), 29.6 (CH2), 33.8 (CH2), 40.26 (CH2), 67.4 (CH2), 
70.3 (CH), 128.4, 128.6, 128.7, 135.1, (Ar),  156.0, 175.1 (C=O).  ESI-MS spectrum 
shows signal at 359.9 m/z consistent with C18H27NO5Na (M+Na
+), calculated 360.4 m/z. 
 
(ii) BzlO-L-Lys(N-boc)-D-Val-N-fmoc (IV-4) 
In a flask, 1.6 g (4.8 mmol) of Fmoc-D-Val-OH was dissolved in 100 mL of DCM. The 
solution was stirred for 15 min at 0°C, then 0.75 mL (1 eq.) of DIPCDI was added 
followed by adding 0.059 g (0.1 eq.) of DMAP. The solution was stirred for 15 min. in an 
ice bath where upon 2 g (1 eq.) of IV-3 was added. After the solution was stirred at 0 °C 
for 1 hr, it was then stirred for an additional 17 hrs. at room temperature.  The insoluble 
urea was removed by filtration and the filtrate was washed three times with 100 mL 
saturated NaHCO3, three times with 100 mL 10% citric acid and then dried over Na2SO4. 
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The DCM was then removed under vacuum at 35 °C to yield a light-yellow gum. The 
product was obtained by flash chromatography (Biotage Flash 40 column 15 cm x 7 cm, 
hexane: EtOAc 85:15) to yield 2.93 g of a colorless gum, yield 93 %. Rf = 0.15 (85:15 
hexane: EtOAc); 1H-NMR (400 MHz, CDCl3), δ 0.92 (d, J = 6.82, 3H), 0.99 (d, J = 6.82, 
3H), 1.24-1.48 (m, 13H), 1.86-1.88 (m, 2H), 2.23-2.26 (m, 1H), 2.77-3.31 (m, 2H), 4.23 
(t, J = 7.07, 1H), 4.34-4.49 (m, 3H), 4.92-5.21 (m, 3H), 7.26-7.40 (m, 9H), 7.60 (d, J = 
7.58, 2H), 7.77(d, J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 17.8 (CH3), 19.5 (CH3), 
22.8 (CH2), 28.8 (3CH3), 29.8 (CH2), 31.0 (CH2), 31.6 (CH), 40.6 (CH2), 47.6 (CH), 59.4 
(CH), 67.5 (CH2), 67.6 (CH2), 73.2 (CH), 79.6 (C), 120.4, 125.5, 125.5, 127.5, 128.1, 
128.8, 128.9, 128.9, 129.0, 135.5, 141.7, 144.2, 144.3 (Ar), 156.4, 169.8, 171.9, 172.3 
(C=O). ESI-MS spectrum shows signal at 681.2 m/z consistent with C38H46N2O8Na 
(M+Na+), calculated 681.8 m/z. 
 
Synthesis of IV-5  
Scheme 17 
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(i) D-hydroxyisovaleric acid benzyl ester. (BzlO-D-hyval)   
The title compound was synthesized in the same manner as chapter 5 (page 131). 
 
(ii) BzlO-D-hyval-L-Val-N-boc. (IV-5) 
In a flask, 6.40 g (29.3 mmol) of Boc-Val-OH was dissolved in 150 mL of DCM. The 
solution was stirred for 15 min at 0 °C, then 4.59 mL (1 eq.) of DIPCDI was added 
followed by adding 0.36 g (0.1 eq.) of DMAP. The solution was stirred for 15 min. in ice 
bath where upon 6.10 g (1 eq.) of BzlO-D-hyval was added. After the solution was stirred 
at 0 °C for 1 hr, it was then stirred for an additional 17 hrs. at room temperature.  The 
insoluble urea was removed by filtration, and the filtrate was washed three times with 
100 mL saturated NaHCO3, three times with 100 mL 10% citric acid and then dried over 
Na2SO4. The DCM was then removed under vacuum at 45 °C to yield an orange gum. 
The product was obtained by flash chromatography (Biotage Flash 40 column 15 cm x 7 
cm, hexane: DCM: EtOAc 70:20:10) to yield 9.52 g of IV-5 as a colorless oil, yield 80%. 
Rf = 0.31 (70:20:10 hexane: DCM: EtOAc); 
1H-NMR (400 MHz, CDCl3), δ 0.84-1.11 
(m, 6H), 1.40-1.50 (m, 9H), 2.25-2.27 (m, 2H), 4.33-4.36 (m, 1H), 4.91 (d, J = 4.55, 1H), 
5.01 (d, J = 9.09, 1H), 5.13-5.22 (m, 2H), 7.25-7.84 (m, 5H);  13C-NMR (100 MHz, 
CDCl3), δ 17.3 (CH3), 17.5 (CH3), 19.0 (CH3), 19.2 (CH3), 28.5 (3CH3), 30.3 (CH), 31.4 
(CH), 58.8 (CH), 67.2 (CH2), 77.5 (CH), 79.9 (C), 128.5, 128.6, 128.7, 135.4 (Ar), 155.7, 
169.3, 172.0 (C=O).  ESI-MS spectrum shows signal at 430.15 m/z consistent with 
C22H33NO6Na (M+Na
+), calculated 430.5 m/z. 
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Synthesis of the monocyclic depsipeptide 
Scheme 18 
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(i) BzlO-L-Lys(N-boc)-D-Val-NH2 (IV-6) 
In a round bottom flask, 2.70 g (4.1 mmol) of IV-4 was dissolved in 50 mL of 10% 
piperidine in DCM, and the solution was stirred for 10 min.  The DCM and piperidine 
were then removed under vacuum at 35 °C to yield a brown gum. 1 mL of DCM and 2 
mL of DIPEA were added three times to the residue, and then removed three times under 
vacuum to yield IV-6.  
 
(ii) Synthesis of IV-7 
In a flask, 2.03 g (1 eq.) of IV-2 was dissolved in 100 mL of DCM. The solution was 
stirred for 15 min, then 2.12 g (1 eq.) of PyBOP, 0.55 g (1 eq.) HOBT, and 1.42 mL (2 
eq.) of DIPEA were added. The solution was stirred for 15 min. where upon IV-6 in 
DCM was added. This solution mixture was then stirred for an additional 18 hrs. The 
insoluble urea was removed by filtration, and the filtrate was washed three times with 
100 mL saturated NaHCO3, three times with 100 mL 10% citric acid and then dried over 
Na2SO4. The DCM was then removed under vacuum at 45 °C to yield a brown gum. The 
product, IV-7, was obtained by flash chromatography (Biotage Flash 40 column 15 cm x 
7 cm, hexane: EtOAc 70:30) to yield 2.9 g of a white solid, yield 77 %. Rf = 0. 28 (70:30 
hexane: EtOAc); mp 44-46 °C ; 1H-NMR (400 MHz, CDCl3), δ 0.90-0.99 (m, 6H), 1.26-
1.50 (m, 25H), 1.81-1.87 (m, 2H), 2.01-2.09 (m, 2H), 2.13-2.26 (m, 2H), 2.26-2.50 (m, 
1H), 2.89-3.21 (m, 2H), 4.20 (t, J = 7.07, 1H), 4.36-4.38 (m, 3H), 4.38-4.75 (m, 2H), 
5.11-5.15 (m, 3H), 5.22-5.38 (m, 1H), 5.84-6.02 (m, 1H), 6.88-7.17 (m, 1H), 7.26-7.41 
(m, 9H), 7.55-7.63 (m, 2H), 7.81 (J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 14.6 
(CH3), 18.0 (CH3), 18.1 (CH3), 18.3 (CH3),  19.3 (CH3), 21.5 (CH3), 22.7 (CH2), 26.8 
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(CH2), 28.5 (CH3), 28.8 (CH3), 29.9 (CH2), 31.0 (CH2), 31.3 (CH), 31.8 (CH2), 40.6 
(CH2), 47.4 (CH), 54.5 (CH), 57.8 (CH), 67.5 (CH2), 67.6 (CH2), 71.6 (CH), 73.1 (CH), 
79.6 (C), 81.6 (C), 120.4, 125.5, 125.5, 127.5, 128.2, 128.7, 128.9, 129.0, 135.5, 141.7, 
144.0(Ar), 156.6, 169.9, 170.4, 171.2, 171.6, 172.6 (C=O).  ESI-MS spectrum shows 
signal at 938.4 m/z consistent with C50H65N3O13Na (M+Na
+), calculated 939.1 m/z. 
 
 (iii) Synthesis of IV-8 
In a round bottom flask, 1.05 g (1.1 mmol) of the IV-7 was dissolved in 100 mL of 50% 
TFA in DCM, and the solution was stirred for 1 hour to deprotect t-butyl and Boc groups. 
The DCM and TFA were then removed under vacuum at 35 °C to yield a brown gum 
residue. 1 ml of DCM and 2 mL of toluene were added three times to the residue, and 
then removed three times under vacuum to yield IV-8. 
 
(iv) Synthesis of IV-9 
The deprotecting compound, IV-8, was dissolved again by 300 mL DCM and 100 mL 
DMF. The solution was stirred for 15 min. in ice bath where upon 0.57 g (1.3 eq.) of 
HATU, 0.20 g (1.3 eq.) HOAT, and 2.0 mL (10 eq.) of DIPEA were added. This solution 
mixture was stirred for an additional 7 hrs at 0°C. The DCM and DMF were removed 
under vacuum at 45 °C to yield a brown gum. After that, 100 mL of chloroform was 
added to precipitate the impurity from the solution. The insoluble compound was 
removed by filtration, and the filtrate was washed three time with 100 mL saturated 
NaHCO3, three time with 100 mL 10% citric acid and then dried over Na2SO4. The 
chloroform was then removed under vacuum at 45 °C to yield a yellow gum. The 
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product, IV-9, was obtained by flash chromatography (Biotage Flash 40 column 15 cm x 
7 cm, hexane: EtOAc 20:80) to yield 0.42 g of an off-white solid, yield 49 %. Rf = 0.25 
(20:80 hexane: EtOAc); 1H-NMR (400 MHz, CDCl3), δ 0.90-0.96 (m, 6H), 1.20-1.53 (m, 
7H), 1.71-2.25 (m, 6H), 2.25-2.49 (m, 1H), 3.10- 3.29 (m, 1H), 3.29-3.57 (m, 1H),  3.99-
4.64 (m, 6H), 4.90-5.69 (m, 4H), 5.94-6.20 (m, 1H), 7.01-7.17 (m, 1H), 7.17-7.47 (m, 
9H), 7.47-7.67 (m, 2H), 7.77 (d, J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 17.9 
(CH3), 18.4 (CH3), 19.2 (CH3), 22.8 (CH2), 29.0 (CH2), 29.8 (CH2), 30.1 (CH2), 31.4 
(CH), 31.4 (CH2), 32.9 (CH2), 39.7 (CH2), 47.4 (CH), 53.9 (CH), 58.9 (CH), 67.6 (CH2), 
67.8 (CH2), 70.8 (CH), 73.0 (CH), 120.5, 125.3, 125.4, 127.5, 128.3, 128.8, 128.9, 129.0, 
135.5, 141.7, 143.8, 143.9(Ar), 156.8, 169.8, 170.0, 171.7, 171.9 (C=O).  ESI-MS 
spectrum shows signal at 764.3 m/z consistent with C41H47N3O10Na (M+Na
+), calculated 
764.8 m/z. 
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Synthesis of IV  
Scheme 19 
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(i) Synthesis of IV-10 
In a round bottom flask, 0.35 g (0.47 mmol) of IV-9 was dissolved in 20 mL DCM.  The 
benzyl group was removed by hydrogenation reaction using 0.04 g of 10 % wt. Pd on 
activated carbon as the catalyst, and gas hydrogen (H2) flowed over for 6 hrs. Then the Pd 
activated carbon was removed by filtration, and the filtrate was concentrated under 
vacuum at 45°C to yield IV-10 as colorless oil (0.25 g, 82 %). 
 
(ii) Synthesis of IV-11 
In a flask, 0.2 g (0.50 mmol, 1.3eq) of IV-5 was dissolved in 40 mL of 50% TFA in 
DCM, and the solution was stirred for 1 hour to Boc group.  The DCM and TFA were 
then removed under vacuum 35 °C to yield a brown gum residue. 1 ml of DCM and 2 mL 
of toluene were added three times to the residue, and removed under vacuum. The 
deprotecting compound was dissolved again by 5 mL DCM, then 0.09 mL (1.3 eq.) of 
DIPEA were added. 
 
During which time, 0.25 g (1 eq.) of IV-10 was dissolved in 20 mL of DCM. The 
solution was stirred for 15 min, then 0.20 g (1 eq.) of PyBOP, 0.05 g (1 eq.) HOBT, and 
0.13 mL (2 eq.) of DIPEA were added. The solution was stirred for 15 min, then the 
deprotecting compound of IV-5 in DCM was added. This solution mixture was then 
stirred for an additional 18 hrs. The insoluble urea thus formed was removed by filtration, 
and the filtrate was washed three times with 25 mL saturated NaHCO3, three times with 
25 mL 10% citric acid and then dried over Na2SO4. The DCM was then removed under 
vacuum, 45 °C to yield IV-11 as colorless oil. The product was obtained by flash 
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chromatography (Biotage Flash 40 column 15 cm x 7 cm, hexane: EtOAc 80:20) to yield 
0.22 g of a colorless oil, yield 61.1 %. Rf = 0.39 (80:20 hexane: EtOAc); 
1H-NMR (400 
MHz, CDCl3), δ 0.81-0.99 (m, 18H), 1.18-1.84 (m, 7H),  1.85-2.59 (m, 9H), 3.10-3.38 
(m, 2H), 3.93-4.49 (m, 5H), 4.55-4.90 (m, 2H), 4.91-5.54 (m, 4H),  5.91 (d, J = 5.31, 
1H), 6.25 (t, J = 5.31, 1H), 6.80 (d, J = 9.09, 1H), 7.24-7.41 (m, 9H), 7.52-7.58 (m, 2H), 
7.74 (d, J = 7.58, 2H) 13C-NMR (100 MHz, CDCl3), δ 17.5 (CH3), 17.8 (CH3), 18.2 
(CH3), 19.1 (CH3), 19.2 (CH3), 19.4 (CH3), 20.0 (CH3), 21.5 (CH3), 22.0 (CH2), 29.0 
(CH2), 29.8 (CH2), 30.1 (CH), 30.4 (CH),  31.0 (CH), 31.6 (CH2), 33.0 (CH2), 40.0 
(CH2), 47.3 (CH), 54.2 (CH), 57.2 (CH), 59.4 (CH), 67.4 (CH2), 67.9 (CH2), 71.0 (CH), 
74.7 (CH), 77.9 (CH), 120.5, 125.3, 125.4, 127.5, 127.5 128.3, 128.5, 128.9, 129.0, 
135.5, 141.6, 143.9, 143.9(Ar), 157.2, 169.4, 169.8, 170.5, 171.9, 172.0, 172.1 (C=O). 
ESI-MS spectrum shows signal at 963.5 m/z consistent with C51H64N4O13Na (M+Na
+), 
calculated 964.1 m/z. 
 
(iii) Synthesis of IV-12 
In a flask, 0.22 g (0.23 mmol) of IV-11 was dissolved in 20 mL DCM.  The benzyl group 
was removed by hydrogenation reaction using 0.04 g of 10 % wt. Pd on activated carbon 
as the catalyst, and hydrogen (H2) gas flowed over for 6 hrs. Then the Pd activated carbon 
was removed by filtration, and the filtrate was concentrated under vacuum 45°C to yield 
IV-12 as a colorless oil (0.19 g, 97.1 %). 
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(iv) Synthesis of IV 
In the flask, 0.19 g (0.22 mmol) of IV-12 was dissolved in 20 mL of 10% piperidine in 
DCM, and the solution was stirred for 10 min.  The DCM and piperidine were then 
removed under vacuum, 35 °C to yield a white solid. Then 1 ml of DCM and 2 mL of 
DIPEA were added three times to the residue, and then removed three times under 
vacuum.  The deprotecting compound was purified by crystallization with diethylether 
and DMF, yield IV-13 as a white crystalline solid. Then IV-13 was dissolved again by 
100 mL DMF. The solution was stirred for 15 min. in ice bath where upon 0.13 g (1.5 
eq.) of HATU, 0.04 g (1.5 eq.) HOAT, and 0.38 mL (10 eq.) of DIPEA were added. This 
solution mixture was then stirred for an additional 6 hrs at 0°C. The DMF were then 
removed under vacuum, 45 °C to yield a brown gum. Afterthat, 50 mL of chloroform was 
added to precipitate the impurity from the solution. The insoluble compound thus formed 
and was removed by filtration, then the filtrate was washed three times with 50 mL 
saturated NaHCO3, three times with 50 mL 10% citric acid and then dried over Na2SO4. 
The chloroform was then removed under vacuum at 45 °C to yield a yellow gum. ESI-
MS calculated for C29H50N4O10 (MH
+) and C29H49N4O10Na (M+Na
+) are 610.7 and 633.7 
m/z, respectively.  The target molecule IV was not achieved from this reaction since the 
MS data did not show that the peak at the expected molecular mass.  At this point, it was 
showed that this synthesis strategy 1 was not successful since it may because the steric 
hindrance inhibit the degree of freedom of nucleophile (-NH2 group). Therefore, the 
strategy was modified to the strategy 2 as follow: 
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Retrosynthesis 2 
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Synthesis of major building blocks (IV-2, IV-4, IV-5 and IV-7) 
These building blocks were synthesized in the same manner as retrosynthesis 1. 
 
Synthesis of the acyclic depsipeptide 
Scheme 20 
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(i) Synthesis of IV-14 
In a flask, 2.90 g (1.30 mmol) of IV-7 was dissolved in 100 mL DCM.  The benzyl group 
was removed by hydrogenation reaction using 0.50 g of 10 % wt. Pd on activated carbon 
as the catalyst, and hydrogen (H2) gas flowed over for 6 hrs. Then the Pd activated carbon 
was removed by filtration, and the filtrate was removed under vacuum at 45°C to yield a 
light-yellow gum. The product was obtained by flash chromatography (Biotage Flash 40 
column 15 cm x 7 cm, DCM:MeOH 90:10) to yield 1.72 g of IV-14 as a white 
amorphous solid, yield 66 %. Rf = 0.21 (90:10 DCM:MeOH); mp 90-110 °C; 
1H-NMR 
(400 MHz, CDCl3), δ 0.81-1.06 (m, 6H), 1.23-1.60 (m, 25H), 1.71-1.92 (m, 2H), 1.99-
2.06 (m, 1H), 2.06-2.29 (m, 2H), 2.15-2.43 (m, 2H), 2.85-3.16 (m, 2H), 4.18 (t, J = 7.07, 
1H), 4.30-4.34 (m, 3H), 4.78-5.02 (m, 1H), 5.23-5.33 (m, 3H), 6.21-6.53 (m, 1H), 7.26-
7.42 (m, 4H), 7.53-7.60 (m, 2H), 7.73 (d, J = 7.58, 2H); 13C-NMR (100 MHz, CDCl3), δ 
18.1 (CH3), 18.6 (CH3), 19.5 (CH3), 23.3 (CH2), 26.8 (CH2), 28.4 (CH3), 28.8 (CH3), 30.1 
(CH2), 31.5 (CH), 32.1 (CH2), 32.3 (CH2), 40.8 (CH2), 47.4 (CH), 50.7 (CH), 53.2 (CH), 
54.3 (CH2), 67.5 (CH2), 71.5 (CH), 75.4 (CH), 79.1 (C), 81.3 (C), 120.4, 125.5, 127.5, 
128.1, 141.6, 144.0 (Ar), 156.6, 156.9, 171.4, 171.8, 172.3, 172.7 (C=O).  ESI-MS 
spectrum shows signal at 864.5 m/z consistent with C43H59N3O13K (M+K
+), calculated 
864.9 m/z. 
 
(ii) Synthesis of IV-15 
In a flask, 0.54 g (1.1 mmol, 1.2eq) of IV-5 was dissolved in 50 mL of 50% TFA in 
DCM, and the solution was stirred for 1 hour to deprotect Boc group. The DCM and TFA 
were then removed under vacuum at 35 °C to yield a brown gum residue. 1 ml of DCM 
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and 2 mL of toluene were added three times to the residue, and then removed three times 
under vacuum. The deprotecting IV-5 was dissolved again by 5 mL DCM, then 0.23 mL 
(1.2 eq.) of DIPEA were added.  During which time, 0.92 g (1 eq.) of IV-14 was 
dissolved in 100 mL of DCM. The solution was stirred for 15 min, then 0.58 g (1 eq.) of 
PyBOP, 0.18 g (1 eq.) HOBT, and 0.39 mL (2 eq.) of DIPEA were added. The solution 
was stirred for 15 min. where upon the deprotecting IV-5 in DCM was added. This 
solution mixture was then stirred for an additional 18 hrs. The insoluble urea was 
removed by filtration, and the filtrate was washed three times with 100 mL saturated 
NaHCO3, three times with 100 mL 10% citric acid and then dried over Na2SO4. The 
DCM was then removed under vacuum, 45 °C to yield a brown gum. The product was 
obtained by flash chromatography (Biotage Flash 40 column 15 cm x 7 cm, hexane: 
EtOAc 65:35) to yield 1.01 g of IV-15 as a white crystalline solid, yield 82 %. Rf = 0.20 
(65:35 hexane: EtOAc); mp 40-45 °C ; 1H-NMR (400 MHz, CDCl3), δ 0.90-0.99 (m, 
18H), 1.24-1.46 (m, 25H), 1.75-1.96 (m, 3H), 1.96-2.51 (m, 6H), 2.83-3.18 (m, 2H), 
4.07-4.42 (m, 6H), 4.49-4.78 (m, 2H), 4.78-4.96 (m, 1H), 4.96-5.44 (m, 4H), 5.78-6.02 
(m, 1H), 7.08-7.22 (m, 1H), 7.26-7.42 (m, 9H), 7.45-7.64 (m, 2H), 7.76 (J = 7.58, 2H); 
13C-NMR (100 MHz, CDCl3),  δ 14.6 (CH3), 17.4(CH3), 17.5 (CH3), 17.6 (CH3), 17.8 
(CH3), 17.9 (CH3), 18.5 (CH3), 19.3 (CH3), 19.4 (CH3), 19.8 (CH3), 21.5(CH3), 22.5 
(CH2), 26.4 (CH2), 28.4 (CH3), 28.8 (CH3), 30.2 (CH2), 30.5 (CH), 31.3 (CH), 31.5 (CH), 
31.9 (CH2), 32.2 (CH2), 40.6 (CH2), 47.4 (CH), 53.7 (CH), 57.9 (CH), 59.4 (CH), 67.3 
(CH2), 67.7 (CH2), 71.2 (CH), 74.4 (CH), 77.7 (CH), 79.4 (C), 81.7 (C), 120.5, 125.4, 
127.5, 127.5, 128.2, 128.7, 128.8, 128.9, 129.0, 135.7, 141.7 143.9, 144.0, (Ar), 156.4, 
156.9, 169.4, 169.7, 169.9, 171.0, 171.4, 172.6 (C=O). 
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Synthesis of compound IV  
Scheme 21 
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(i) Synthesis of IV-16 
In a flask, 0.90 g (0.81 mmol) of IV-15 was dissolved in 100 mL DCM.  The benzyl 
group was removed by hydrogenation reaction using 0.50 g of 10 % wt. Pd on activated 
carbon as the catalyst, and hydrogen (H2) gas flowed over for 6 hrs. Then the Pd activated 
carbon was removed by filtration and the filtrate was removed under vacuum at 45°C to 
yield a light-yellow gum. The product was obtained by flash chromatography (Biotage 
Flash 40 column 15 cm x 7 cm, DCM:MeOH 90:10) to yield 0.65 g of IV-16 as a white 
amorphous solid, yield 79 %. Rf = 0.25 (90:10 DCM:MeOH); 
1H-NMR (400 MHz, 
CDCl3), δ δ 0.10-1.10 (m, 18H), 1.10-1.58 (m, 25H), 1.58-2.66 (m, 9H), 2.63-3.28 (m, 
2H), 3.95-4.45 (m, 5H), 4.45-4.65 (m, 1H), 4.65-4.94 (m, 1H), 4.95-5.59 (m, 2H), 5.61-
5.98 (m, 1H), 6.80-7.00 (m, 1H), 7.26-7.46 (m, 4H), 7.46-7.64 (m, 2H), 7.76 (J = 7.58, 
2H); 13C-NMR (100 MHz, CDCl3),  δ 17.6 (CH3), 17.7 (CH3), 18.0 (CH3), 18.6 (CH3), 
19.3 (CH3), 19.5 (CH3), 21.0 (CH3), 22.6 (CH2), 26.3 (CH2), 28.5 (CH3), 28.8 (CH3), 30.1 
(CH2), 30.2 (CH), 31.0 (CH), 31.5 (CH), 31.9 (CH2), 32.2 (CH2), 42.4 (CH2), 47.4 (CH), 
54.7 (CH), 57.9 (CH), 59.3 (CH), 67.8 (CH2), 71.1 (CH), 74.5 (CH), 78.0 (CH), 81.4 (C), 
81.8 (C), 120.2, 120.5, 124.4, 125.4, 127.3, 127.2, 127.6, 128.2, 141.7, 140.0 (Ar), 149.4, 
156.9, 159.1, 169.3, 171.0, 171.8, 172.8, 172.9, 173.6 (C=O). ESI-MS spectrum shows 
signal at 1047.4 m/z consistent with C53H76N4O16Na (M+Na
+), calculated 1048.4 m/z. 
 
(ii) Synthesis of IV-17 
In a round bottom flask, 0.65 g (0.63 mmol) of IV-16 was dissolved in 30 mL of 10% 
piperidine in DCM, and the solution was stirred for 10 min.  The DCM and piperidine 
were then removed under vacuum at 35 °C to yield a brown gum residue. 1 mL of DCM 
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and 2 mL of DIPEA were added three times to the residue, and then removed three times 
under vacuum to yield IV-17.  
 
(iii) Synthesis of IV-18 
The deprotecting compound, IV-17, was dissolved again by 300 mL DMF. The solution 
was stirred for 15 min. in ice bath where upon 0.36 g (1.5 eq.) of HATU, 0.13 g (1.5 eq.) 
HOAT, and 1.1 mL (10 eq.) of DIPEA were added. This solution mixture was then 
stirred for an additional 7 hrs at 0°C. The DCM and DMF were then removed under 
vacuum at 45 °C to yield a brown gum. Afterthat, 100 mL of chloroform was added to 
precipitate the impurity from the solution. The insoluble compound was removed by 
filtration, and the filtrate was washed three times with 100 mL saturated NaHCO3, three 
times with 100 mL 10% citric acid and then dried over Na2SO4. The chloroform was then 
removed under vacuum, 45 °C to yield a light yellow gum. The product, IV-18, was 
obtained by column chromatography (hexane: EtOAc 60:40) to yield 0.37 g of a white 
solid, yield 74 %. Rf = 0.31 (60:40 hexane: EtOAc); 
1H-NMR (400 MHz, CDCl3), δ 0.65-
1.15 (m, 18H), 1.19-1.75 (m, 25H), 1.78-2.49 (m, 9H), 2.90-3.22 (m, 2H), 3.30-3.75 (m, 
4H), 4.44-4.62 (m, 1H), 4.63-4.72 (m, 1H), 5.05-5.35 (m, 2H); 13C-NMR (100 MHz, 
CDCl3),  δ 17.8 (CH3), 18.0 (CH3), 18.2 (CH3), 18.5 (CH3), 19.3 (CH3), 19.4 (CH3), 19.5 
(CH3), 19.6 (CH3), 22.5 (CH2), 26.0 (CH2), 26.8 (CH2), 28.5 (CH3), 28.8 (CH3), 30.0 
(CH2), 30.4 (CH), 31.0 (CH), 31.4 (CH), 32.0 (CH2), 40.6 (CH2), 47.4 (CH), 54.1 (CH), 
57.3 (CH), 58.1 (CH), 71.1 (CH), 74.8 (CH), 76.0 (CH), 79.4 (C), 81.3 (C) 156.5, 156.6, 
167.7, 170.8, 171.0, 171.6, 172.7, 175.7 (C=O). ESI-MS spectrum shows signal at 807.9 
m/z consistent with C38H64N4O13Na (M+Na
+), calculated 807.9 m/z. 
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(iv) Synthesis of IV 
In the flask, 0.37 g (0.47 mmol) of IV-18 was dissolved in 30 mL of 50% TFA in DCM, 
and the solution was stirred for 1 hour to deprotect t-butyl and Boc groups. The DCM and 
TFA were then removed under vacuum at 35 °C to yield a brown gum residue. 1 ml of 
DCM and 2 mL of toluene were added three times to the residue, and then removed three 
times under vacuum. The deprotecting IV-18 was dissolved again by 150 mL DMF. The 
solution was stirred for 15 min. in ice bath where upon 0.27 g (1.5 eq.) of HATU, 0.10 g 
(1.5 eq.) HOAT, and 0.8 mL (10 eq.) of DIPEA were added. This solution mixture was 
then stirred for an additional 7 hrs at 0°C. The DCM and DMF were then removed under 
vacuum, 45 °C to yield a brown gum. Afterthat, 50 mL of chloroform was added to 
precipitate the impurity from the solution. The insoluble urea was removed by filtration, 
and the filtrate was washed three times with 50 mL saturated NaHCO3, three times with 
50 mL 10% citric acid and then dried over Na2SO4. The chloroform was then removed 
under vacuum at 45 °C to yield a light brown gum. The product, IV-18, was obtained by 
preparative thin layer chromatography (EtOAc:MeOH 10:2) Rf = 0.51, to yield 5 mg of 
unpure product of IV according to ESI-MS. 
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Ammonium Ionophore IV Results and Discussion  
 
The design of ammonium ionophore IV has elements that are similar to the monocyclic 
depsipeptide ammonium ionophore, A-1 (figure 46). This compound is a bicyclic 
compound which all amide and ester bonds in the main ring as well as configuration are 
equivalent of A-1. The configuration, L—D—D—L—L—D, of both compounds is based 
on the potassium ionophore valinomycin (L—D—D—L)3, and was expected, based on 
modeling, to prevent formation of helices that would hinder the cyclization.  
 
In the physiological media, potassium ion is the significant interfering ion for ammonium 
ionophore due to almost similar size of both ions.  Molecular modeling of IV predicted 
that this compound could offer enhanced ammonium over potassium selectivity 
compared to A-1 and nonactin, industrial standard for ammonium ionophore. The 
structure of A-1 bases on the monocyclic depsipeptide and the structure of nonactin is a 
flexible crown-ether backbone that allows wrapping-type complex to form with both 
ammonium and potassium ions.  Compare to A-1 and nonactin, the ionophore IV has a 
more rigid structure and provides hydrogen bonding required for complexation of 
ammonium ions, but IV cannot effectively exhibit the octahedral coordination required 
for complexation of potassium ions. Figure 49 shows minimized structures of IV with 
ammonium and potassium ions. The complexation of IV/ammonium ion is on the left and 
IV/potassium ion is on the right.  Ammonium ion sits deeper in the pocket cavity and 
forms three hydrogen bonds to IV while potassium ion does not sit as deeply and does 
not sit at the center of pocket.  As shown in tables 5 and 6, the energy of the 
complexation state indicates more favorable complexation to the ammonium ion compare 
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to the interfering ions, potassium and sodium in both AMBER94 and MMFF94 
forcefields. 
 
 
 
 
 
 
 
 
Figure 49: Complexation of IV with ammonium ion (left) and potassium ion (right)  
 
To estimate the selectivity of IV for binding ammonium ion over interfering ions 
compared to A-1, the complexation energies were obtained for the ion/ionophore 
complex in each case using two different forcefields, AMBER94 and MMFF94. 
Calculations with each force field were carried out with a dielectric of 5 (the membrane 
solvents used in this study are DOP (ε = 5)144 and NPOE (ε = 24))144 and 80 (aqueous).  
The results of these calculations are shown in tables 6 and 7. 
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Table 6: The results of the minimized energies (kcal/mol) for the metal complexes with 
A-1, for each forcefield and dielectric constant 
 
AMBER 94 MMFF94 Ion 
membrane water membrane water 
               NH4
+ -101.9 -133.2 -4.1 -30.8 
            Na+ -47.9 (-54.0)* -63.4 (-69.7)* N/A N/A 
             K+ -58.4 (-43.5)* -79.3 (-53.9)* N/A N/A 
      N/A   could not perform a calculation due to an unstable complex 
  * The number in the parenthesis means the difference in energy compare to the complexation of 
ammonium ion 
 
Table 7: The results of the minimized energies (kcal/mol) for the metal complexes with 
IV, for each force field and dielectric constant 
 
AMBER 94 MMFF94 Ion 
membrane water membrane water 
               NH4
+ -109.3 -140.2 -31.6 -66.2 
            Na+ -50.1 (-59.1)* -67.7 (-72.4)* -17.5 (-14.1)* -51.4 (-14.8)* 
             K+ -69.5 (-39.7)* -91.7 (-48.4)* -40.2 (+8.4)* -76.7 (+10.5)* 
* The number in the parenthesis means the difference in energy compare to the complexation of 
ammonium ion 
 
As shown in tables 6 and 7, the difference in the complexation energies between 
ammonium and potassium ion for IV was 3.8 - 5.5 kcal/mol more positive than that 
calculated for A-1 when used AMBER94 forcefield. However, the difference in the 
complexation energies between ammonium and sodium ion for IV was 2.7 - 5.1 kcal/mol 
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more negative than that calculated for A-1. Unfortunately we are not able to compare the 
difference in the complexation energies between ammonium and potassium ion for IV 
and A-1 by MMFF94 forcefield due to the unstable complexation. However, these 
calculations give only relative values; they could predict qualitatively that IV would 
increase ammonium over sodium selectivity. 
 
Selection and Attempted to Synthesis of IV  
IV is a bicyclic depsipeptide and has elements that are similar to A-1.  IV was predicted 
to provide better selectivity due to more rigid and preorganised structure.29  The decision 
to utilize a formation of ester bond and amide bond in solution instead of solid phase 
strategy was based on the availability of the starting materials. The building block needed 
five different types of protecting groups and appropriate configuration, D- or L-. The 
synthesis of this compound involved more than 20 steps, which was partly due to the 
many protection and deprotection steps that were required to build the structure.  The 
formation of ester was utilized by DIPCDI and DMAP. The formation of amide was 
carried out by PyBOP and HOBT, the coupling reagents for standard solid phase 
synthesis. The mechanisms of these coupling reagents were previously given in chapter 5.  
The use of the activating agents HATU and HOAT in cyclization of the linear 
depsipeptide was based on the experience of our working group and the synthesis of 
compound III (chapter 5). The cyclization reaction was carried out in DCM/DMF or 
DMF under dilute (2 mg/mL) conditions in order to favor intramolecular cyclization over 
intermolecular coupling. The mechanism of HATU/HOAT-mediated coupling is similar 
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to that shown for PyBOP/HOBT-mediated amino acid coupling. The synthetic route was 
shown in schemes 15-21.  
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In scheme 15, the first building block, IV-1, was synthesized from the benzyl-L-lactic 
acid and Fmoc-D-Glu(OtBu)-OH residues.  Acid catalyzed esterification of L-lactic acid 
with benzyl alcohol was carried out to form the benzyl ester L-lactic acid.  The 
characterization of this compound was previously explained in chapter 5.   Then, the 
lactic benzyl ester was coupled with Fmoc-D- Glu(OtBu)-OH by using DIPCDI and 
DMAP as coupling reagents to give IV-1.  Then, in the next reaction, the benzyl group of 
IV-1 was cleaved by hydrogenolysis using hydrogen gas and palladium on carbon 
supported as a catalyst to provide IV-2.  The 1H-NMR, 13C-NMR and MS spectra shown 
in Appendix A4, confirm that IV-1 and IV-2 were formed.   
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In scheme 16, the second building block, IV-4, was obtained from the Benzyl (S)-6-(tert-
butyloxycarbonylamino)-2-hydroxy-hexanoate, (IV-3) and Fmoc-D-Val-OH residues.  
IV-3 was synthesized in the same manner as previous work.145 IV-3 was coupled with 
Fmoc-D-Val-OH by using DIPCDI and DMAP as coupling reagents to give IV-4.  The 
NMR and MS spectra shown in Appendix A4 confirm that IV-4 was formed.  
O
O CH3
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In scheme 17, the third building block, IV-5, was synthesized from the hydroxyisovaleric 
acid benzyl ester and Boc-Val-OH residues. The ester bond was formed by using DIPCDI 
and DMAP to provide IV-5.  The NMR and MS spectra shown in Appendix A4 confirm 
that IV-5 was formed. 
O
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O
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After three major building blocks were made, they were linked together by the amide 
bonds. The formation of amide was carried out by either PyBOP/HOBT or 
HATU/HOAT, which are coupling reagents for standard solid phase synthesis.  
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In scheme 18, Fmoc group of IV-4 was removed to provide IV-6, followed by the 
coupling of IV-6 with IV-2 using PyBOP/HOBT to obtain IV-7.  
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The t-butyl and BOC groups of at the side chain of glutamic acid and lysine moieties of 
IV-7 were then removed to provide IV-8, followed by the cyclization (formation of 
amide bond) using HATU/HOAT as coupling reagents to give IV-9. The NMR and MS 
spectra confirm that IV-9 was formed.  
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NMR spectra of IV-9 provide almost similar signals to those of IV-7. However, the 
signal of t-butyl group and BOC group are disappeared in both 1H-NMR and 13C-NMR, 
confirmed the expected result of deprotection step. The successful cyclization step is 
confirmed by the presence of five carbonyl carbons signal appeared downfield at δ 156.8, 
169.8, 170.0, 171.7 and 171.9, as well as ESI-MS spectrum shows signal at 764.3 m/z 
consistent with molecular mass of IV-9 with one sodium atom. The details of the NMR 
interpretation are provided in Appendix A4. 
 
In scheme 19, the benzyl group of IV-9 was cleaved by hydrogenolysis using hydrogen 
gas and palladium on carbon supported as a catalyst to provide IV-10.  During which 
time, the Boc group of IV-5 was removed by treatment with 50% TFA in DCM. Then, 
resulting compound was coupled with IV-10 by amide formation and yielded IV-11. 
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NMR spectra of IV-11 provide combinational signals to those of IV-9 and IV-5. 
Compare to the NMR of IV-9, those of IV-11 show the additional signals of methyl 
protons at δ 0.81-0.99 in 1H-NMR, and more methyl carbons signals appear upfield in 
13C-NMR.  The presence of IV-11 is also confirmed by the signals of seven carbonyl 
carbons appeared downfield at δ 157.2, 169.4, 169.8, 170.5, 171.9, 172.0 and 172.1, as 
well as ESI-MS spectrum shows signal at 963.5 m/z consistent with molecular mass of 
IV-11 with one sodium atom. The details of the NMR interpretation are provided in 
Appendix A4. 
 
The benzyl group of IV-11 was cleaved by hydrogenolysis using hydrogen gas and 
palladium on carbon supported as a catalyst to provide IV-12.  Then, the Fmoc group of 
IV-12 was removed by treatment with 10% piperidine in DCM to yield IV-13.  Finally, 
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cyclization was carried out on compound IV-13 using HATU and HOAT as coupling 
reagents.  
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At this point target compound IV was not formed as determined by ESI-MS analysis, no 
signal consistent with the molecular mass of IV (calculated as 610.7 m/z) was observed. 
The synthetic strategy 1 was not successful due to steric hindrance inhibiting the degree 
of freedom of nucleophile (-NH2 group). Therefore, the nucleophile could not migrate 
and bond to the electrophile (activated carboxylic group). To develop a new 
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methodology, the synthetic strategy was modified to the synthetic route shown in 
retrosynthesis 2. 
 
In scheme 20, the benzyl group of IV-7 was cleaved by hydrogenolysis using hydrogen 
gas and palladium on carbon supported as a catalyst to provide IV-14.  The NMR and 
MS spectra confirm that the product from this reaction was formed.  
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NMR spectra of IV-14 provide almost similar signals to those of IV-7. However, the 
signals of benzyl group are disappeared in both 1H-NMR and 13C-NMR, confirmed the 
successful deprotection step. The signal at ~ δ 135.7 is the characteristic signal of 
quaternary carbon of benzyl group was disappeared in 13C-NMR. ESI-MS spectrum 
shows signal at 864.5 m/z consistent with molecular mass of IV-14 with one potassium 
atom. The details of the NMR interpretation are provided in Appendix A4. 
 
The Boc group of IV-5 was removed by treatment with 50% TFA in DCM.  
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The resulting compound was then coupled with IV-14 by amide formation using 
PyBop/HOBT as coupling reagents and yielded IV-15. 
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NMR spectra of IV-15 provide combinational signals to those of IV-14 and IV-5. 
Compare to the 1H-NMR of IV-14, 1H-NMR of IV-15 shows the additional upfield 
signals of methyl protons at δ 0.90-0.99 and the signals of aromatic photons at δ 7.26-
7.42. Compare to the 13C-NMR of IV-14, 13C-NMR of IV-15 exhibits four more methyl 
carbons signals at the upfield region, and presents more signals at δ 120.5-135.7 due to 
CH-carbons of benzyl group.  The signal at ~ δ 135.7 is the characteristic signal of 
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quaternary carbon of benzyl group.  The presence of IV-15 is also confirmed by the 
signals of eight carbonyl carbons appeared downfield at δ 156.4, 156.9, 169.4, 169.7, 
169.9, 171.0, 171.4 and 172.6. The details of the NMR interpretation are provided in 
Appendix A4. 
 
In scheme 21, the benzyl group of IV-15 was cleaved by hydrogenolysis using hydrogen 
gas and palladium on carbon supported as a catalyst to provide IV-16.  
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NMR spectra of IV-16 provide almost similar signals to those of IV-15. However, the 
signal of benzyl group is disappeared in both 1H-NMR and 13C-NMR, confirmed the 
successful deprotection step. ESI-MS spectrum shows signal at 1047.4 m/z consistent 
with molecular mass of IV-16 with one sodium atom.  
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The Fmoc group of IV-16 was removed by treatment with 10% piperidine in DCM to 
yield IV-17.  After that, the resulting compound, IV-17, was carried out the cyclization 
using HATU/HOAT as coupling reagents. 
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NMR spectra of IV-18 provide almost similar signals to those of IV-16. However, the 
signals of Fmoc group are disappeared in both 1H-NMR and 13C-NMR, confirm the 
successful deprotection step. The successful cyclization step is supported by the presence 
of eight carbonyl carbons signal appeared downfield at δ 156.5, 156.6, 167.7, 170.8, 
171.0, 171.6, 172.7 and 175.7, as well as ESI-MS spectrum shows signal at 807.9 m/z 
consistent with molecular mass of IV-18 with one sodium atom. The details of the NMR 
interpretation are provided in Appendix A4. 
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The t-butyl and Boc groups of IV-18 were removed by treatment with 50% TFA in DCM 
to yield IV-19.  After that, the resulting compound, IV-19, was carried out the cyclization 
using HATU/HOAT as coupling reagents. 
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ESI-MS spectrum of compound IV after the purification by extraction shows the signal 
that consistent with molecular mass of IV with one proton (MH+) at 611.39 m/z. 
(calculated 611.7 m/z). It was showed that the target compound IV was formed. The 
synthetic strategy 2 was successful. However, after the attempt to purify compound IV by 
preparative thin layer chromatography, we achieved compound IV only small amount (5 
mg) which was also not pure. Therefore, the molecular modeling of compound (IV-19), a 
compound from the previous step before the cyclization, was preformed. The figure 50 
shows the minimized structure of IV-19 in DMF (ε = 23), which was the solvent used in 
the cyclization reaction.  
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Figure 50: The energy minimized structure of IV-19 in DMF 
 
As shown in figure 50, the lysine and glutamic acid side chains, which form the amide 
bond, point in the same direction. This conformation might favor the intermolecular 
reaction rather than the intramolecular reaction and hinder the cyclization step. 
Additionally, the previous work28 had discussed that incorporation of L-lysine and D-
glutamic acid moieties in target compound IV would result in two different 
atropoisomers depending on where the second ring forms.  
 
 
 
 
Figure 51: Two possible atropoisomers of target compound IV. 
 
As shown in figure 51, one isomer has the bridgehead hydrogen on lysine pointing 
outside the cavity and the bridgehead hydrogen on glutamic acid pointing in towards the 
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cavity. Conversely, the other atropoisomer has the bridgehead hydrogen on lysine 
pointing in towards the cavity and the bridgehead hydrogen on glutamic acid pointing 
outside the cavity.  Due to the both assumptions, the side chains pointing in the same 
direction and the two possible atropoisomers, might limit the formation of the final 
compound IV. 
 
Compound IV was not pursued further synthesis due to the difficulty and extensive time 
commitment of the synthetic effort.  It was determined that a new compound, compound 
V, would provide similar ammonium ion selectivity as well as an easier synthetic path. 
This new ammonium ionophore (V) will be discussed in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 227 
Ammonium Ionophore V 
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Ammonium Ionophore V Experiments  
Synthesis of V. (Schemes 22-24)  
All NMR and Mass Spectroscopy data are given in Appendix A5. 
 
A synthesis strategy to synthesize compound V involves the solution phase and solid 
phase synthesis.  Three types of the protecting groups, Fmoc, benzyl and BzlO, were used 
in this synthesis.  A formation of ester bond of the depsi-peptide building block was 
created in solution, and all of the amide bonds were created by solid phase synthesis. 
Retrosynthesis 3 shows the synthetic route to synthesize V and more details in synthesis 
are showed in schemes 22-24. 
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Synthesis of V-2 (Scheme 22) 
Scheme 22 
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(i) Benzyl ester L-lactic acid, (BzlO-L-Lac)   
The title compound was synthesized in the same manner as aforementioned in chapter 5. 
 
(ii) BzlO-L-Lac-D-Val-N-fmoc, (V-1) 
In a round bottom flask, 19.40 g (57.2 mmol) of Fmoc-D-Val-OH was dissolved in 400 
mL of DCM. The solution was stirred for 15 min at 0°C, then 8.92 mL (1 eq.) of DIPCDI 
was added followed by adding 0.69 g (0.1 eq.) of DMAP. The solution was stirred for 15 
min. in ice bath where upon 10.30 g (1 eq.) of BzlO-L-Lac was added. After the solution 
was stirred at 0 °C for 1 hr, it was then stirred for an additional 18 hrs. at room 
temperature.  The insoluble urea thus formed was filtered off and the solution  was 
washed three times with 400 mL saturated NaHCO3, three times with 400 mL 10% citric 
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acid and then dried over Na2SO4. The DCM was then removed under vacuum, at 45 °C to 
yield a yellow gum. The product was obtained by recrystallization using cold ether to 
yield 25.31 g of V-1 as a white solid, yield 88.4%. mp. 104-107 °C; 1H-NMR (400 MHz, 
CDCl3), δ 0.92 (d, J = 6.82 Hz, 3H), 0.98 (d, J = 6.82 Hz, 3H), 1.51 (d, J = 7.07 Hz, 3H), 
2.16-2.30 (m, 1H), 4.18-4.27 (m, 1H), 4.32-4.45 (m, 3H), 5.10-5.24 (m, 3H), 5.27 (d, J = 
9.6 Hz, 1NH), 7.27-7.45 (Ar, 9H), 7.60 (d, J = 7.58 Hz, 2H), 7.77 (d, J = 7.58 Hz, 2H);  
13C-NMR (100 MHz, CDCl3), δ 17.1 (CH3), 17.6 (CH3), 19.1 (CH3), 31.5 (CH), 47.4 
(CH ), 59.1 (CH), 67.2 (CH2), 67.3 (CH2), 69.5 (CH), 120.2, 125.2, 127.2, 127.9, 128.4, 
128.6, 128.8, 135.3, 141.5, 143.9, 144.1 (Ar), 156.3, 170.2, 171.4 (C=O).   
 
(iii) L-Lac-D-Val-N-fmoc, (V-2) 
In a round bottom flask, 25.00 g (49.81 mmol) of V-1 was dissolved in 300 mL DCM.  
The benzyl ester group was removed by hydrogenation reaction using 0.50 g of Pd 
activated carbon as the catalyst, and gas hydrogen (H2) flowed over for 2 hrs. Then the Pd 
activated carbon was filtered off and the solution was concentrated under vacuum, at 
45°C, to afford in quantitative yield V-2 as a white crystalline solid, 20.31 g.  mp 63-66 
°C; 1H-NMR (400 MHz, CD3OD), δ 0.85-1.05 (m, 6H), 1.46 (d, J = 7.07 Hz, 3H), 2.16-
2.23 (m, 1H), 4.14-4.23 (m, 2H), 4.24-4.40 (m, 2H), 4.80-5.11 (m, 1H), 7.27 (t, J = 7.58, 
2H), 7.34 (t, J = 7.58, 2H), 7.59-7.68 (m, 2H), 7.73 (d, J = 7.58, 2H); 13C-NMR (100 
MHz, CD3OD), δ  17.9 (CH3), 18.9 (CH3), 20.1 (CH3), 32.3 (CH), 48.8 (CH), 61.6 (CH). 
68.4 (CH2), 70.9 (CH), 121.2, 121.4, 126.4, 126.7, 126.7, 128.4, 128.6, 128.6, 129.2, 
143.0, 145.5, 145.7 (Ar), 159.2, 173.1, 174.3 (C=O).  
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Synthesis of a linear depsipeptide (V-3) using solid phase methodology 
Scheme 23 
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Solid phase synthesis was carried out on Wang resin (1.00 mmol/g loading) for the amino 
acid sequence (L-Glu(OBzl))—V-2—(L-Lys(Z))— V-2). 8.00 g Wang resin was swelled 
in 80 mL DMF and mixed with N2 for 30 min., then the DMF was removed by aspiration. 
During which time, 9.19 g (2.5 eq) of Fmoc-Glu(OBzl)-OH was dissolved in 100 mL of 
dry DCM and stirred at 0 ˚C, then  3.10 mL DIPCDI in 5 mL of DCM was added and the 
reaction mixture and continuous stirred for 30 min. At this point, the solution was 
concentrated completely by vacuum, then dissolved the above compounds in 5 mL DMF, 
and added to the resin.  0.24 g (0.1 eq) DMAP in DMF was added to the resin and the 
total volume was increased to 80 mL.  The solution was mixed with N2 for 20 hrs. at 
room temperature.  Loading of the first amino acid to the resin was evaluated by cleaving 
the Fmoc protection group from a known mass of resin (10 mg) in a 50 mL solution of 
20% piperidine in DMF and monitoring the UV absorption at 290 nm.  Using a molar 
extinction coefficient of 4950 a loading of 72 % was obtained (5.76 mmole).   
 
Stepwise addition of the next subunit and amino acid was carried out according to the 
standard solid phase method. The resin was swelled by adding 80 mL DMF and mixing 
with N2 for 25 min., at which point the DMF was removed by aspiration.  The resin-
bound N-Fmoc protected glutamic was deprotected with 20% piperidine in DMF (30 mL, 
10 min.).  The solution was removed by aspiration and the resin was washed three times 
with 50 mL DMF, three times with 50 mL MeOH, one time with 50 mL EtOH, and 
vacuum dried.  A Kaiser test was performed by adding 2 drops of each of three solutions 
to a few resin beads and heating in the oven for 3-4 min.  The solutions were prepared by 
dissolving 5 g of ninhydrin in 100 mL EtOH, dissolving 80 g of phenol in 20 mL EtOH, 
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and adding 2 mL of a 0.001 M aqueous solution of potassium cyanide to 98 mL pyridine.  
A positive Kaiser test for free amine, as indicated by blue beads, confirmed successful 
deprotection.  The resin was reswelled in 50 mL of DMF mixed with N2 for 10 min. 
Then, 5.92 g (2.5 eq) of V-2, 7.49 g (2.5 eq) PyBOP, 2.20 g (2.5 eq) HOBT, and 5.02 mL 
(5.0 eq) DIPEA were dissolved in 20 mL DMF and added to the prepared resin.  The total 
volume was increased to 80 mL and mixed with N2 for 48 hrs. at which time the solution 
was removed by aspiration and the resin was rinsed three times with DMF, three times 
with MeOH, one time with EtOH, and vacuum dried.  A negative Kaiser test confirmed 
complete coupling.  This process, deprotection - rinses - Kaiser test - coupling reaction - 
rinses - Kaiser test cycle, was repeated for L-Lys(Z) and V-2 to give (Resin—(L-
Glu(OBzl))— V-2—(L-Lys(Z))— V-2).   In the event of incomplete coupling, as 
indicated by a positive Kaiser test, the coupling reaction would be repeated.  The terminal 
V-2 moiety was deprotected and a Kaiser test was performed to confirm successful 
deprotection.  The resin was rinsed three times with DMF, three times with MeOH, three 
times with EtOH, and vacuum dried.  
 
The linear peptide was cleaved from the resin with 80 mL of TFA/H20/triisopropylsilane 
(TIS) 95/2.5/2.5 over 1 hr. by mixing with N2.  The linear depsipeptide solution was 
removed by aspiration and concentrated down by vacuum, yielded yellow oil. The 
product was obtained by column chromatography (DCM: MeOH 90:10) to yield 3.80 g of 
V-3 as a white crystalline solid (78.3 % yield). Rf = 0.24 (90:10 DCM: MeOH); 
1H-NMR 
(400 MHz, CDCl3), δ 0.94 (d, J = 6.82 Hz, 6H), 1.07 (d, J = 6.82 Hz, 6H), 1.28-1.60 (m, 
10H), 1.60-1.75 (m, 1H), 1.75- 1.90 (m, 1H), 1.91-2.12 (m, 1H), 2.12-2.38 (m, 3H), 2.38-
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2.59 (m, 2H), 3.01-3.20 (m, 2H), 4.04 (d, J = 4.0 Hz, 1H), 4.34 (d, J = 6.32 Hz, 1H), 
4.38-4.45 (m, 1H), 4.45-4.53 (m, 1H), 4.88-5.25 (m, 6H), 7.13-7.40 (m, 10H); 13C-NMR 
(100 MHz, CDCl3), δ 18.4 (CH3), 18.5 (CH3), 18.8 (CH3), 19.1 (CH3), 19.3 (CH3), 20.1 
(CH3), 24.4 (CH2), 28.4 (CH2), 30.9 (CH2), 31.4 (CH),  31.9 (CH2), 31.9 (CH), 33.5 
(CH2), 41.9 (CH2), 53.7 (CH), 54.6 (CH), 59.7 (CH), 59.9 (CH), 67.8 (CH2), 67.8 (CH2), 
72.4 (CH), 73.6 (CH), 129.2, 129.4, 129.6, 129.6, 129.9, 130.0, 138.0, 138.8 (Ar), 159.3, 
170.0, 172.4, 172.7, 173.4, 174.6, 174.8, 175.6 (C=O).  ESI-MS spectrum shows signal at 
842.54 m/z consistent with C42H59N5O13 (M
+), calculated 842.99 m/z. 
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Synthesis of compound V 
Scheme 24 
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(i) V-4 
In the round bottom flask, 0.74 g. (0.87 mmole) of V-3 was dissolved by 350 mL DMF. 
The solution was stirred for 15 min. in ice bath where upon the solution of 0.43 g (1.3 
eq.) HATU, 0.15 g (1.3 eq.) HOAT, and 1.53 mL (10 eq.) DIPEA in 20 mL DMF was 
added. This solution mixture was then stirred for an additional 8 hrs at 0°C. The DMF 
were then removed under vacuum, 45 °C to yield a yellow gum. Afterthat, 50 mL of 
DCM was added to precipitate the impurity from the solution. The insoluble compound 
thus formed was filtered off, then the solution was washed one time with water, three 
times with 100 mL saturated NaHCO3, three times with 100 mL 10% citric acid, once 
with water and then dried over MgSO4. The DCM was then removed under vacuum, 45 
°C to yield a yellow crystalline solid. The product was obtained by column 
chromatography (hexane: EtOAc 60:40) to yield 0.58 g of V-4 as a white crystalline 
solid, yield 80 %. Rf = 0.20 (60:40 hexane: EtOAc); 
1H-NMR (400 MHz, CD3OD), δ 
0.87-1.04 (m, 12H), 1.24-1.59 (m, 10H), 1.65-1.93 (m, 2H), 1.93-2.18 (m, 3H), 2.18-2.35 
(m, 1H), 2.38- 2.59 (m, 2H), 3.01-3.19 (m, 2H), 4.01-4.18 (m, 2H), 4.45-4.54 (m, 1H), 
4.54-4.63 (m, 1H), 5.00-6.01 (m, 6H), 7.23-7.40 (Ar, 10H), 13C-NMR (100 MHz, 
CD3OD), δ  18.5 (CH3), 18.6 (CH3), 19.6 (CH3), 19.7 (CH3), 19.8 (CH3), 19.8 (CH3), 
24.2 (CH2), 28.8 (CH2), 30.8 (CH2), 31.2 (CH), 31.2 (CH), 31.5 (CH2), 33.4 (CH2), 41.9 
(CH2), 53.4 (CH), 54.0 (CH), 60.6 (CH), 60.9 (CH), 67.7 (CH2), 67.9 (CH2), 72.6 (CH), 
72.8 (CH), 129.2, 129.4, 129.6, 129.9, 130.0, 137.9, 138.9 (Ar), 159.2, 173.0, 173.2, 
173.3, 173.5, 174.2, 174.5 (C=O).  ESI-MS spectrum shows signal at 846.45 m/z 
consistent with C42H57N5O12Na (M+Na
+), calculated 846.93 m/z. 
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(ii) V-5 
In the round bottom flask, 0.56 g (0.68 mmol) of V-4 was dissolved in 200 mL DCM.  
The benzyl ester group was removed by hydrogenation reaction using 0.1 g of Pd 
activated carbon as the catalyst, and gas hydrogen (H2) flowed over for 6 hrs. Then the Pd 
activated carbon was filtered off and the solution was concentrated under vacuum, 45°C, 
to yield V-5 as a light-yellow crystalline solid.; 1H-NMR (400 MHz, CD3OD), δ 0.80-
1.10 (m, 12H), 1.25-1.61 (m, 10H), 1.61-1.78 (m, 2H), 1.78-1.89 (m, 1H),  1.89-1.99 (m, 
1H), 1.99- 2.23 (m, 4H), 2.23-2.40 (m, 2H), 2.84-3.02 (m, 2H), 4.13 (d, J = 7.58 Hz, 1H), 
4.18 (d, J = 8.08 Hz, 1H),  4.40-4.62 (m, 2H), 5.06-5.25 (m, 2H); 13C-NMR (100 MHz, 
CD3OD), δ  18.6 (CH3), 18.6 (CH3), 19.6 (CH3), 19.6 (CH3), 19.8 (CH3), 19.8 (CH3), 
24.0 (CH2), 28.6 (CH2), 29.5 (CH2), 31.2 (CH), 31.3 (CH), 32.6 (CH2), 33.1 (CH2), 40.9 
(CH2), 53.7 (CH), 54.1 (CH), 60.6 (CH), 60.8 (CH), 72.7 (CH), 72.8 (CH), 172.9, 173.1, 
173.3, 173.3, 173.9, 174.0 (C=O).  ESI-MS spectrum shows signal at 600.43 m/z 
consistent with C27H45N5O10 (M
+), calculated 599.67 m/z. 
 
(iii) V 
In the round bottom flask, 0.41 g. (0.68 mmole) of V-5 was dissolved by 200 mL DMF. 
The solution was stirred for 15 min. in ice bath where upon the solution of 0.34 g (1.3 
eq.) HATU, 0.12 g (1.3 eq.) HOAT, and 1.19 mL (10 eq.) DIPEA in 10 mL DMF was 
added. This solution mixture was then stirred for an additional 8 hrs at 0°C. The DMF 
were then removed under vacuum, 45 °C to yield a yellow gum. Afterthat, 50 mL of 
DCM was added to precipitate the impurity from the solution. The insoluble compound 
thus formed was filtered off, then the solution was washed one time with water, three 
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times with 100 mL saturated NaHCO3, three times with 100 mL 10% citric acid, one time 
with water and then dried over MgSO4. The DCM was then removed under vacuum, 45 
°C to yield an orange crystalline solid. The product was obtained by column 
chromatography (hexane: EtOAc 60:40) to yield 0.31 g of V as an off white crystalline 
solid, yield 78.1 %. Rf = 0.20 (60:40 hexane: EtOAc); 1H-NMR (400 MHz, CD3OD), δ 
0.80 (d, J = 6.82 Hz, 3H), 0.90 (d, J = 6.82 Hz, 3H), 1.03 (d, J = 6.82 Hz, 3H),  1.13 (d, J 
= 6.82 Hz, 3H),  1.30-1.70 (m, 10H), 1.70-1.89 (m, 2H), 2.01- 2.48 (m, 6H), 3.10-3.25 
(m, 2H), 3.96 (d, J = 8.08, 1H), 4.03-4.15 (m, 1H),  4.32-4.50 (m, 1H), 4.50-4.63 (m, 
1H),  5.08 (q, J = 6.82 Hz, 1H), 5.41 (q, J = 6.82 Hz, 1H), 7.27 (br-d, J = 6.06 Hz, 1H), 
7.55- 7.69 (m, 1H), 8.23 (br-d, J = 7.83 Hz, 1H); 13C-NMR (100 MHz, CD3OD), δ  17.9 
(CH3), 18.4 (CH3), 18.5 (CH3), 19.5 (CH3), 20.2 (CH3), 20.3 (CH3), 24.8 (CH2), 27.3 
(CH2), 29.1 (CH2), 30.8 (CH), 31.4 (CH), 32.4 (CH2), 40.6 (CH2), 40.8 (CH2), 52.9 (CH), 
56.2 (CH), 58.1 (CH), 62.6 (CH), 71.6 (CH), 73.6 (CH), 171.3, 172.5, 173.2, 173.7, 
174.0, 174.4 (C=O).  ESI-MS spectrum shows signal at 604.50 m/z consistent with 
C27H43N5O9Na (M+Na
+), calculated 604.66 m/z. 
 
ISE Membrane and Electrode Preparation 
Five membrane cocktails were prepared to test V in ISE format. The specific 
formulations are as follows: M1, 69/30/1 wt % of NPOE/PVC/V; M2, 69/30/1 wt % of 
DOP/PVC/V; M3, same as M2 with 1 mole % of KTpCIPB to V; M4, same as M2 with 
3 mole % of KTpCIPB to V; M5, same as M2 with 50 mole% of KTpCIPB to V.  In a 
flask, 10 mg of V, 300 mg of high molecular weight PVC, and 690 mg of membrane 
solvent (NPOE or DOP) were dissolved in 10 mL of THF (the KTpCIPB was added for 
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M3, M4 and M5 formulations), and the mixture was sonicated for 10-15 min. The 
resulting mixture was allowed to cure for 1 day on a glass surface. The film was cut into 
small round pieces, (i.d. = 7 mm) and then incorporated into a Phillips body electrode to 
which an internal electrolyte (0.1 M KCl) was added. 
 
ISE Testing 
Potentiometry experiments were obtained with an EG&G Princeton Applied Research 
model 273 potentiostat/galvanostat. A two-electrode setup was used with the ISE as the 
working electrode (a membrane area of 0.012 cm2 was exposed to electrolyte solution) 
and a SCE reference electrode. The ISE response was measured as a function of ion 
concentration using the relevant chloride salt in 100 mM Tris buffer (pH 7.2).  
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Ammonium Ionophore V Results and Discussion  
 
The design of ammonium ionophore V has elements that are similar to the cyclic 
depsipeptide ammonium ionophore, A1 and IV. This bicyclic compound V consists of 
four amide bonds and two ester bonds in the main ring. Compound V was developed later 
after the attempt to synthesize compound IV. The stereochemistry assignment, D-L-L-D-
L-L, was relied on the commercially availability of the starting materials, suitability of 
the design synthetic method, and molecular modeling prediction, namely the prevention 
of helical structure and ammonium ion selectivity.  As aforementioned in the result and 
discussion part of IV, the difference in the L- and D- configurations of glutamic acid and 
lysine side chains provided two atropoisomers after the second cyclization, which would 
provide a mixture of the final product as well as lower the yield of the reaction. In an 
attempt to favor the formation of just one atropoisomer of V, the stereochemistry of the 
bridgehead residues (lysine and glutamic acid) were both designed as L- configuration. 
As shown in figure 52, the two possible atropoisomers of V can provide both of the 
bridgehead hydrogens pointing in toward the central cavity or both pointing out away 
from the central cavity. Based on the previous work of Paolillo et al.,146 the isomer with 
both hydrogens pointing out away from the central cavity is favorable atropoisomer 
because of the steric interactions during the formation of the second ring. 
 
 
 
Figure 52: The two possible atropoisomers of a target compound V 
L-Lys L-Glu
H H
L-Lys L-Glu
H
H
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In addition, the configuration D-L-L-D-L-L of V was predicted based on modeling, to 
prevent the formation of helices that would hinder the cyclization.  
 
Figure 53 shows minimized structures of V with ammonium and potassium ions while 
the complexation of V/ammonium ion is on the left and V/potassium ion is on the right. 
Ammonium ion sits deeper in the pocket cavity and forms two hydrogen bonds to V 
while potassium ion does not sit as deeply and does not sit at the center of pocket. As 
shown in table 7, the energy of the complexation state indicates more favorable 
complexation (less energy) to the ammonium ion compare to the interfering ions, 
potassium and sodium. 
 
 
 
 
 
 
 
 
Figure 53: Complexation of V with ammonium ion (left) and potassium ion (right)  
 
To estimate the selectivity of V for binding ammonium ion over interference ions 
compared to A1, the complexation energies were obtained for the ion/ionophore complex 
in each case using AMBER94 and MMFF94 forcefields. Calculations with each force 
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field were carried out with a dielectric of 5 (the membrane solvents used in this study are 
DOP (ε = 5)144 and NPOE (ε = 24))144 and 80 (aqueous environment).  The results of 
these calculations are shown in table 8. 
 
Table 8: The results of the minimized energies (kcal/mol) for the metal complexes with 
V, for each force field and dielectric constant 
 
AMBER 94 MMFF94 Ion 
membrane water membrane water 
               NH4
+ -108.5 -145.0 -77.5 -118.1 
   Na+ -56.8 (-51.7)* -58.6 (-86.4)* -59.5 (-17.9)* -98.6 (-19.6)* 
             K+ -75.3 (-33.2)* -80.7 (-64.3)* -74.7 (-2.8)* -116.6 (-1.6)* 
* The number in the parenthesis means the difference in energy compare to the complexation of 
ammonium ion 
 
   
Compare the results in table 8 to table 6, the difference in the complexation energies 
between ammonium and potassium ion for V was 10.3 kcal/mol more positive than that 
calculated for A1, when solvent dielectic constant of 5 and AMBER94 forcefield was 
employed.  On the other hand, the difference in the complexation energies between 
ammonium and potassium ion for V was 10.4 kcal/mol more negative than that calculated 
for A1, when solvent dielectic constant of 80 was used.  However, these calculations give 
only relative values; they predict qualitatively that V might increase ammonium over 
potassium selectivity. 
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Selection and Attempt to Synthetic Methods 
The decision to utilize a solid phase Fmoc-protection strategy for the formation of amide 
bonds was based on the demonstrated success of this strategy in our working group6, 28 as 
well as by others.122, 146-148 The formation of ester was preformed in solution by using 
DIPCDI and DMAP for coupling acid and alcohol to form ester bond.  The formation of 
amide was carried out by PyBOP and HOBT, the coupling reagents for standard solid 
phase synthesis. The mechanism of the coupling reactions was previously discussed in 
chapter 5. The benzyl and benzyloxy protecting groups on the glutamic acid and lysine 
side chain were chosen because these groups are stable to Fmoc deprotection condition 
(basic by 10% piperidine) and resin cleavage condition (acidic by TFA). These groups 
are easily removed by hydrogenolysis using hydrogen gas and palladium on carbon 
supported as a catalyst. The mechanism of the deprotection reactions was given 
previously in chapter 1 (orthogonal protecting group). The use of the activating agents 
HATU and HOAT in cyclization of the linear depsipeptide was based on the experience 
of our working group28 and this work on compounds III and IV. 
 
Schemes 22 – 24 provides the synthetic routes of V.  In this synthesis, a building block, 
V-2, was synthesized from the benzyl-L-lactic acid and Fmoc-D-Val-OH residues.  The 
linear depsi-peptide, V-3, was synthesized by coupling amino acids and V-2 together by 
solid phase methodology, followed by the first cyclization in solution to achieve V-4. 
After that, the benzyloxy and benzyl groups of the resulting compound, V-4, was cleaved 
to give V-5 using hydrogen gas and palladium on carbon supported as a catalyst.  Finally, 
V-5 was carried out the second cyclization to achieve compound V.  The following 
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section is the synthetic discussion and characterization of the each synthetic compound in 
order to achieve compound V.   
 
In scheme 22, acid catalyzed esterification of L-lactic acid with benzyl alcohol was 
carried out to form the benzyl ester L-lactic acid.  The synthesis discussion of this step 
was explained in a previous chapter.   Then, the resulting compound was coupled with 
Fmoc-D-Val-OH by using DIPCDI and DMAP as coupling reagents to give V-1.  The 
1H-NMR and 13C-NMR spectra shown in Appendix A5, confirm that the product from 
this reaction was formed.   
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The benzyl group of V-1 was cleaved by hydrogenolysis using hydrogen gas and 
palladium on carbon supported as a catalyst to provide V-2.   
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The NMR spectra of V-2 provide almost similar signals to those of V-1. However, the 
signals of benzyl group are disappeared in both 1H-NMR and 13C-NMR, confirmed the 
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successful deprotection step. Clearly in the 13C-NMR, the signal at ~ δ 135.7 which is the 
characteristic signal of quaternary carbon of benzyl group was disappeared. The details of 
the NMR interpretation are provided in Appendix A4. 
 
The linear depsi-peptide was synthesized by coupling amino acids and V-2 together by 
solid phase methodology.  The amino acids and V-2 were loaded into solid phase 
synthesizer as a sequence of L-Glu(OBzl), V-2, L-Lys(Z) and  V-2  to achieve linear 
depsi-petide, V-3,  as a result.  The 1H-NMR, 13C-NMR, DEPT 135 and ESI-MS spectra 
confirm that the product V-3 was formed.  
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The 1H-NMR spectrum of V-3 in CD3OD exhibits two doublet at δ 0.94 (6H) and 1.04 
(6H) due to the non-equivalent methyl groups of valine moieties.  The multiplets at δ 
1.28-1.60 (10H) are due to two methyl groups of the lactic acid moieties and two 
methylene groups of lysine moiety. The signals of two diastereotopic protons, connected 
to CH-proton on a chiral center of lysine moiety, appear as multiplets at δ 1.60-1.75 (1H) 
and 1.75- 1.90 (1H).  The signal of two diastereotopic protons, connected to CH-proton 
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on a chiral center of glutamic acid moiety, appear as multiplets at δ 1.91-2.12 (1H) and δ 
2.12-2.38; however, the latter signal at δ 2.12-2.38 (3H) is overlap to the signal of two 
methylene photons of glutamic acid moiety.  A multiplet at δ 2.38-2.59 is due to two CH-
protons of an isopropyl group of two valine moieties. A multiplet at δ 3.01-3.20 (2H) 
belongs to the methylene protons of the lysine moiety connected to the benzyloxy group. 
Non-equivalent CH-protons on chiral centers of valine moieties appear as two doublets at 
δ 4.04 (1H) and 4.34 (1H). Multiplets at δ 4.38-4.45 (1H) and 4.45-4.53 (1H) are due to 
the CH-protons on chiral centers of lysine and glutamic acid moieties. The splitting of 
these signals is due to the coupling of CH photon to the neighboring diastereotopic 
protons. The signals of two CH protons on chiral centers of lactic acid moieties and the 
signal of four methylene photons connected to phenyl rings are overlap with the signal of 
CH3OH from CD3OD solvent at δ 4.88-5.25 ppm. The signals of the aromatic protons 
appear downfield as a multiplet at δ 7.13-7.40 (10H). 
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The 13C-NMR spectrum of V-3 in CD3OD exhibits upfield signals at δ 18.4, 18.5, 18.8, 
19.1, 19.3 and 20.1 due to methyl carbons of valine and lactic acid moieties.  The signals 
appear at δ 24.4, 28.4, 30.9, 31.9, 33.5 and 41.9 are due to the sp3-carbons of lysine and 
glutamic acid moieties, and these are further confirmed by DEPT 135 given negative 
signals.  The signals at δ 31.4 and 31.9 are due to two sp3-carbons of isopropyl groups of 
valine moieties.  The signals of sp3-carbons chiral centers of lysine, glutamic acid, and 
two of valine moieties appear at δ 53.7, 54.6, 59.7 and 59.9. Two signals at δ 67.8 are due 
to the sp3-carbons connected to phenyl ring.  The signals at δ 72.4 and 73.6 belong to sp3-
carbons chiral centers of two lactic moieties.  The signal of the aromatic carbons of two 
phenyl rings appear at δ 129.2, 129.4, 129.6, 129.6, 129.9, 130.0, 138.0 and 138.8.  Eight 
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carbonyl carbons (C=O) appear downfield at δ 159.3, 170.0, 172.4, 172.7, 173.4, 174.6, 
174.8 and 175.6. The ESI-MS spectrum shows a signal at 842.54 m/z consistent with 
C42H59N5O13 (M)
+. 
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The resulting compound, V-3, was undergone the first cyclization to yield V-4.  The 1H-
NMR, 13C-NMR, DEPT 135 and ESI-MS spectra confirm that the product from this 
reaction was formed.  
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NMR spectra of V-4 provide almost similar signals to those of V-3. The successful 
cyclization step is confirmed by the presence of five carbonyl carbons signal appeared 
downfield at δ 159.2, 173.0, 173.2, 173.3, 173.5, 174.2 and 174.5, as well as the ESI-MS 
spectrum shows a signal at 846.45 m/z consistent with molecular mass of V-4 with one 
sodium atom. The details of the NMR interpretation are provided in Appendix A4. 
 
The first cyclization resulting compound, V-4, was then carried out the hydrogenation 
reaction to remove the benzyl and benzyloxy protection groups, yielding V-5.  The 1H-
NMR, 13C-NMR, DEPT 135 and ESI-MS spectra confirm the successful deprotection.   
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NMR spectra of V-5 provide almost similar signals to those of V-4. However, the signals 
of benzyl group are disappeared in both 1H-NMR and 13C-NMR, confirmed the 
successful deprotection step. Clearly, in 13C-NMR, the signal at ~ δ 135.7 which is the 
characteristic signal of quaternary carbon of benzyl group was disappeared. The details of 
the NMR interpretation are provided in Appendix A4. 
 
The resulting compound, V-5, was carried out the second cyclization step to achieve 
compound V.  The 1H-NMR, 13C-NMR, DEPT 135 and ESI-MS spectra shown below 
confirm that the final compound was formed. 
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The 1H-NMR spectrum of the compound V in CD3OD exhibits four doublets at δ 0.80 
(3H), 0.90 (3H), 1.03 (3H) and 1.13 (3H) due to the non-equivalent methyl groups of the 
valine moieties.  The multiplets at δ 1.30-1.70 (10H) are due to two methyl groups of the 
lactic acid moieties and two methylene groups of lysine moiety. The signal of two 
diastereotopic protons, connected to CH-proton on a chiral center of lysine moiety, 
appears as a multiplet at δ 1.70-1.89 (2H). The multiplets at δ 2.01- 2.48 (6H) belong to 
two diastereotopic protons and two methylene photons of glutamic acid moiety, which 
are overlapped to two CH-protons of an isopropyl group of two valine moieties. A 
multiplet at δ 3.10-3.25 (2H) is due to methylene protons of the lysine moiety. Non-
equivalent CH-protons on chiral centers of valine moieties appear as a doublet and a 
multiplet at δ 3.96 (1H) and 4.03-4.15 (1H).  Two multiplets at δ 4.32-4.50 (1H) and 
4.50-4.63 (1H) are due to the CH-protons on chiral centers of lysine and glutamic acid 
moieties.  Two CH-protons on chiral centers of lactic acid moieties exhibit as two 
quartets at δ 5.08 (1H) and 5.41 (1H). Some NH protons show the signals at δ 7.27 
(1NH), 7.55- 7.69 (1NH) and 8.23 (1NH). 
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The 13C-NMR spectrum exhibits upfield signals at δ 17.9, 18.4, 18.5, 19.5, 20.2 and 20.3 
due to non-equivalent methyl carbons of valine and lactic acid moieties.  The signals at δ 
24.8, 27.3, 29.1, 32.4, 40.6 and 40.8 are due to sp3-carbons of lysine and glutamic acid 
moieties, and these are further confirmed by DEPT 135 given negative signals.  Two 
signals at δ 30.8 and 31.4 are due to two non-equivalent sp3-carbons of isopropyl groups 
of valine moieties.  The signals appear at δ 52.9, 56.2, 58.1 and 62.6 due to sp3-carbons 
chiral centers of lysine, glutamic acid, and two of valine moieties. The signals at δ 71.6 
and 73.6 belong to sp3-carbons chiral centers of two lactic moieties.  Six carbonyl 
carbons (C=O) appear downfield at δ 171.3, 172.5, 173.2, 173.7, 174.0 and 174.4.   
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The ESI-MS spectrum shows a signal at 604.50 m/z consistent with C27H43N5O9Na 
(M+Na)+.   
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Sensor Testing  
Five membrane formulations were tested in order to determine which composition would 
yield the best potentiometric properties of sensor V in ISE format. As previous described 
in chapter 1 (ion selective electrodes), the ISE membrane contains various constituents 
such as a selective ionophore (such as compound V), a plasticizer or membrane solvent 
(NPOE or DOP in this study), PVC, and in some cases contained a lipophilic ionic 
additive (KTpCIPB). Several studies showed that the different type and amount of each 
component in the ISE membrane affected the selectivity of the ion selective electrode.12, 
20, 141, 144, 149 In this study, NPOE and DOP were used as membrane solvents since they 
have been used and yielded good results in other ammonium sensitive electrodes.6, 11, 20  
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Particularly, our previous work on ionophore A-1 which the membrane consisted of 
NPOE provided the selectivity of ammonium over sodium and potassium (log K NH4+, Na+ 
= -2.1, log K NH4+, K+ = -0.6).
6 However, other plasticizers such as dioctyl adipate,150 
dibenzyl ether,149 bis (1-butylpentyl)adipate,141 and bis (2-ethylhexyl)adipate12 were also 
reported by other groups and used as a membrane solvent for ammonium ion selective 
electrodes in ISE formats.  In addition to the effect of the membrane solvent, we also 
investigated the effect of a lipophilic ionic additive (KTpCIPB) in this study in 
combination with the DOP membrane solvent. Table 9 shows the results of selectivity 
studies that were carried out using the separate solution method (SSM) on five membrane 
preparations.   
 
Table 9: Selectivity of V in difference membrane formulations 
Membrane
a
 Selectivity  Coefficients (log K i,j) Slope
b
 
 log K NH4+, Na+ log K K+,NH4+ log K K+, Na+  
M1 -0.08 -0.47 -0.56 31.1 
M2 -0.47 -0.51 -0.98 41.8 
M3 -0.23 -0.52 -0.76 53.8 
M4 -0.28 -0.61 -0.90 54.7 
M5 -0.29 -0.63 -0.91 57.0 
a
 M1, 69/30/1 wt % of NPOE/PVC/V; M2, 69/30/1 wt % of DOP/PVC/V; M3, same as 
M2 with 1 mole% of KTpCIPB to V; M4, same as M2 with 3 mole% of KTpCIPB to V; 
M5, same as M2 with 50 mole% of KTpCIPB to V. 
b
 Determined between 10-3 M to 10-1 M at 22 ºC 
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There are two effects that can be observed in the data shown in table 9 which are the 
effect of a plasticizer (solvent membrane) and the effect of an ion additive. The results 
showed that the membrane containing the plasticizer DOP provided higher slope 
compared to the plasticizer NPOE. The presence of an ion additive improved the 
sensitivity of the electrodes by improving the slopes, which were closer to the ideal 
Nernstian condition (59.2 mV/dec). The ion additive is the ion exchanger, which is 
usually added into the membrane to assist the membrane to obtain a response close to 
59.2 mV/dec (theoretical response) and to maintain membrane permselectivity, meaning 
that no significant amount of counter ions may enter the membrane phase.3  The addition 
of the ion additive is also need to reduce the anionic interference which is usually present 
as a small amount in PVC and membrane solvent.  In this study, the effect of the addition 
of ion additive is significant in order to obtain a theoretical response as shown in table 9.  
Figures 54 and 55 show the potentiometric response of membrane formulation M2 
(69/30/1 wt % of DOP/PVC/V) and M4 (69/30/1 wt % of DOP/PVC/V with 3 mole% of 
KTpCIPB to V) to log C (cation concentation), respectively. 
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Figure 54: Electrode response to log C (cation concentration) using membrane M2 
(69/30/1 wt % of DOP/PVC/V), slope of K+ response = 41.8 mV/dec 
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Figure 55: Electrode response to log C (cation concentration) using membrane M4 
(69/30/1 wt % of DOP/PVC/V with 3 mole% of KTpCIPB to V), slope of K+ response  
= 54.7 mV/dec 
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The ISE electrode containing compound V provided selectivity for ammonium ions over 
sodium ions (log K NH4+, Na+ ~ - 0.08 to -0.47), but it did not show selectivity for 
ammonium ions over potassium ions (log K K+,NH4+ ~ -0.47 to -0.61). The results were 
consistent with the size fit design where ionophore V provided the appropriate size fit to 
ammonium and potassium ions (similar size); however, the cavity was too big for sodium 
ions and therefore discriminated sodium over ammonium and potassium ions. However, 
the expected H-bonding of ammonium ions to the ionophore did not enhance the 
selectivity of ammonium over potassium in these membrane environments, as was 
predicted. The explanation could be that either the type of the membrane solvents was not 
suitable to this ionophore (V) to provide the expected H-bonding of ammonium ions to 
the ionophore or the limitation of the molecular modeling calculation used in this study. 
 
It has been reported that the change of membrane solvent type could change the 
selectivity of ammonium ionophore to potassium ionophore. Moriuchi-Kawakami et 
al.
149 reported that the membranes formulated with pyrazol-containing a crown ether as 
an ionophore and dibenzyl ether as a plasticizer exhibited the selectivity of ammonium 
over potassium ion (KNH4+,K+ = 6.3 x 10
-2); however the same ionophore-doped 
membranes with NPEO plasticizer responded more selectively to potassium ion. This 
result indicated that the type of solvent has a strong effect to the selectivity of ammonium 
ionophore.  In our study, DOP plasticizers may not be the suitable membrane solvent for 
this ionophore to provide the selectivity for ammonium ion.  It has been reported that a 
valinomycin ionophore, which has depsi-peptide structure, can experience intramolecular 
hydrogen bonding when it was incorporated into the membrane matrix.143  In the case of 
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V, these interactions would be expected to interfere with the complexation of ammonium 
ion because the complexation of ionophore V and ammonium ion is also required 
hydrogen bonding to overcome the selectivity over potassium ion.  It has been reported 
that in a polar membrane solvent such as the membrane prepared by NPOE (ε = 24), the 
intramolecular H-bonding would probably be decreased, thus allowing for more efficient 
ammonium ion complexation.29  In our study, the use of DOP (ε =5) plasticizer with 
ionophore V did not improve the selectivity of ammonium over potassium ions; however, 
all of these membranes exhibited selectivity of potassium over ammonium ions, and 
potassium/ammonium over sodium ions.  Due to the limited quantity of compound V, 
further experiments with differrent membrane compositions were not possible.  Our 
future work will use NPOE as a membrane solvent for ISE fabrication as well as to 
perform NMR study examining the ion binding ability of this ionophore.  However, the 
result in this study has shown that the ionophore provided the size match to the size of 
potassium and ammonium ion and then discriminated against the smaller ion, such as 
sodium ion in this case.  Therefore, the effect of the formation of H-bonding in the 
membrane must be taken into account. This ionophore may need other membrane 
formulations to perturb the intramolecular H-bonding, which allows the ionophore to 
reorganize itself and forms H-bonding complexation with ammonium ion.  
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Conclusion of Ammonium Ionophores for ISEs work 
 
We have reported here the modular synthesis of two new ammonium selective 
ionophores based upon bicyclic depsipeptide motifs (IV and V). The structure design was 
based on the incorporating of a rigid pre-organized backbone which is known to enhance 
the selectivity by reducing energy of complexation. In addition, these ionophores were 
designed to provide the tetrahedral symmetry which is a suitable geometry to an 
ammonium ion, they should therefore discriminate against sodium and potassium ions 
which required octahedral binding geometries. The synthesisof IV involved 22 steps 
synthesis and was unsuccessful potentially due to steric effects on the second cyclization.  
The alternative molecule (V) was successfully synthesized by using six steps in solution 
phase and solid phase peptide synthesis.  Molecular modeling was employed to predict 
the selectivity of the ammonium ionophore. When ionophore V incorporated into an ISE 
membrane using nitrophenyl octyl ether and dioctyl phthalate as the membrane solvents, 
it provided selectivity for ammonium ions over sodium ions (log K NH4+, Na+ ~ - 0.08 to -
0.47), but it did not show selectivity for ammonium ions over potassium ions (log K 
K+,NH4+ ~ -0.47 to - 0.63).  
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Chapter 7 
Conclusion 
 
New ionophores and a fluoroionophore were designed based on the fundamental 
requirements for ion-ionophore complexation, such as size fit requirements and 
electrostatic interactions. Ionophores and a fluoroionophore in this work were used in 
three different formats; bulk organic solution, gold surface modified electrodes, and ion 
selective electrodes.  
 
In the lithium sensor work, a major motivation was to design of a fluoroionophore with a 
high sensitivity and selectivity with a significantly reduced synthetic effort. 21-(9-
anthrylmethyl)-4,17,13,16-tetraoxa-1,10,21-triaza bicyclo[8.8.5]tricosane-19,23-dione (I)  
was prepared in a conventional four step synthesis.  In this synthesis, the cyclization step 
was the most difficult step.  The concentration of reagents in this reaction played an 
important role because the reactants needed to be dilute to avoid dimerization and 
polymerization; however, the reaction needed an appropriate concentration to provide a 
good yield.  The concentration found to be optimum for this reaction was 2 mmol solute 
per 100 mL solvent, providing 70 % yield product.  
 
In bulk organic solution, I can be used to selectively complex with lithium ions in organic 
solutions and act as a fluoroionophore. In the absence of ion, the fluorescence of the 
anthryl group is substantially quenched by intramolecular photo induced electron transfer 
from the free electron pair of the nitrogen atom at the amine bridge and/or in the amide 
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groups to the anthryl group.  In the presence of a complexed ion, the electric field of the 
ion disrupts the PET process, causing a substantial increase in anthryl fluorescence 
emission in which the magnitude of sensitivity is relative to the type and concentration of 
the ions. The lithium–fluoroionophore complexation illustrates very high sensitivity with 
192-fold enhancement of fluorescence response over the non-complexed 
fluoroionophore. This enhancement in sensitivity could due to efficient PET from the 
amine bridge and/or amide groups, as well as the location of the ion relative to the 
electron lone pair on the amine nitrogen atom and to the anthryl fluorophore.  The effect 
of charge density on the electrostatic interaction between the metal ion and the nitrogen 
lone pair is strongly distance dependent. The shorter distance between the bound ion and 
the lone pair of the nitrogen atom leads to a stronger electrostatic interaction and results 
in more effective interference with the electron transfer quenching process, providing the 
enhancement in the fluorescence response. In addition to distance effects, the 
enhancement in sensitivity of I compared to other systems, such as 9-anthryl-
calix[4]arene-azacrown-3 which have aromatic moieties, 33, 34, 122-124 is due to elimination 
of the interaction between the ion and the pi–system.  The interaction between the ion and 
the pi–system of the phenyl ring results in a reduction in the fluorescence response. The 
magnitude of sensitivity of the metal ion-fluoroionophore complex in I is governed by 
electrostatic interaction, particularly with the azacrown oxygen atoms and the oxygen 
atoms of carbonyl groups in the molecule.  
 
The molecular dynamics calculations predict high selectivity of I for lithium ions over 
sodium and potassium ions. Based on the observed fluorescence behavior, the selectivity 
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was calculated to be log K Li+,Na+ = -3.36 and log K Li+,K+ = -1.77. These values are 
regarded as lower limits due to the limited solubility of the sodium and potassium salts 
used in the experiments. Compound I also exhibits selectivity for ammonium ions over 
sodium and potassium ions (log K NH4+,Na+ = -1.59, log K NH4+,K+ = -1.34). The selectivity 
of this compound is due to the size fit approach where the cavity of compound provides 
appropriate size fit to lithium ion and too small for sodium, potassium and ammonium 
ions.  
 
According to the design and the experimental results of this fluoroionophore, it can lead 
us to design a system which can be achieved by conventional synthesis, provide high 
sensitivity and selectivity for cations. For example, the bicyclic-diazacrown can be easy 
synthesized by conventional approach as well as the absence of aromatic ring in the 
bicyclic-diazacrown structure can eliminate the cation-pi interaction and will result in the 
high sensitivity.  The size of the diazacrown ring can be changed to provide appropriate 
size fit for bigger ions such as potassium; therefore it can provide the enhancement in the 
selectivity.  
 
21-(16-Mercaptohexadecan-1-oyl)-4,7,13,16-tetraoxa-1,10,21-triazabicyclo-[8.8.5]  
tricosane-19,23-dione (II) was synthesized in six steps using conventional methods. Self-
assembled monolayers of hexadecanethiol coupled to a bicyclic molecule (II) are able to 
bind cations from aqueous solutions. The binding of cations affects the dielectric constant 
of the layer, resulting in an increase of the monolayer capacitance. The ability of these 
monolayers to function as sensors was observed by cyclic voltammetry and impedance 
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spectroscopy techniques. Impedance experiments in the absence of a redox probe (i.e., 
only supporting electrolyte) provides reproducible data that shows a change in monolayer 
capacitance upon ion complexation. The films of II show selectivity for complexation of 
lithium ions over sodium and potassium ions, with log K Li+,Na+ = -1.30 and log K Li+,K+ = 
-0.92.  It should be noted that in this study we speculate that the change of the 
capacitance after the ion binding is due to the change in dielectric constant only.  It is 
possible that when the binding occurs, the ion-ionophore complex can undergo a 
significant change in conformation, and therefore create a leaky film (increasing the 
exposed gold area), which can cause the capacitance change. To answer this question, 
future experiments can be carried out that examine charge transfer resistance during the 
ion titration.  In addition, a change in the complex conformation can also cause a change 
in the film thickness which can result in a capacitance change.  However, this study 
demonstrates that selective ion complexation can be monitored on surfaces using 
impedance spectroscopy. 
 
Compound II consists of the same ion binding site as in I.  By comparing the result of 
compound I and II in bulk organic solution and modified gold electrode in aqueous, I 
shows higher selectivity compared to II.  The result is shown that the ionophore appears 
to exhibit the highest selectivity in the most disorganized environment, i.e. solution. The 
reduction in the selectivity can be due to the closed pack of the SAM providing the 
limitation of the degree of freedom of the ionophore to adopt the conformation for ion 
complexation. In addition, the measurement of ion binding of I using fluorescence 
emission provides higher sensitivity compared to II, which the ion binding is measured 
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by electrochemical technique. This approach can lead us to the future use of optical 
transduction to monitor ion binding, i.e. II can be modified by covalently attached to the 
fluorophore and fabricated on the glass or ITO surface. However, to the best of our 
knowledge, compound II modified on gold surface is the first demonstration of a lithium 
sensor fabricated using self-assembled monolayer technology.  
 
11-Mercapto-N-(4-(9,15,18-triisopropyl-6,12-dimethyl-2,5,8,11,14,17-hexaoxo-1,7,13-
trioxa-4,10,16-triazacyclooctadecan-3yl)butyl)undecanamide (III) was synthesized in 
fifteen steps with an orthogonal protecting group strategy.  The several steps in the 
synthesis are partly due to the many protection and de-protection steps required to build 
the structure.  Self-assembled monolayers of III are able to bind cations from aqueous 
solution. Films of III show selectivity for detection of ammonium ions in aqueous 
solution over potassium and sodium ions, with selectivity values calculated to be  
log K NH4+,Na+ = -1.23 and log K NH4+,K+ = -1.17.  In this study we speculated that the change 
of the capacitance after ion binding is due to a change in the dielectric constant only.  The 
CV result of SAM III was not blocked after the addition of the ions, which indicated that 
the SAM III did not provide the closed packing film.  The addition of ion to the SAM III 
provided an increase in a capacitance change, which speculated that due to both binding 
event and ion-ionophore complex caused the significant increasing the exposed gold area.   
Moreover, a change in the complex conformation could also cause a change in the film 
thickness which can result in a capacitance change. 
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We have reported the modular synthesis of two new ammonium selective ionophores 
based upon bicyclic depsipeptide motifs (IV and V). Compounds IV and V are 
macrobicyclic compounds designed and synthesized as the ammonium selective 
ionophores in ion selective electrode applications.  The structures of IV and V are based 
upon bicyclic depsipeptide motifs which are expected to provide binding sites for 
ammonium ions due to the tetrahedral arrangement of carbonyl groups that participate in 
hydrogen bonding interactions.  The synthesis of compound IV involved 22 steps in 
solution phase and it was unsuccessful potentially due to steric effects on the final 
(second) cyclization.  The several steps in the synthesis of IV are partly due to the many 
protection and de-protection steps required to build the structure. The difficulty in the 
second cyclization and the purification directed us to design and synthesize the 
alternative molecule (V). Compound V was successfully synthesized by using six steps in 
solution phase and solid phase peptide synthesis. The solid phase synthesis of V can 
reduce eight steps synthesis and purification of solution phase in this case and yield 78 %. 
The second cyclization was successful by changing the configuration of lysine and 
glutamic acid moieties form L- and D- to L- and L- in order to control the favorable 
formation.  In this isomer, both hydrogens at the bridge point out away from the central 
cavity which is a favorable atropoisomer due to the steric interactions during the 
formation of the second ring. The concentration found to be optimum for the 
intramolecular cyclization was 2 mg solute per 1 mL solvent, providing 49-80 % yield 
product. 
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This approach yielded an ionophore that, when incorporated into an ISE format, provides 
selectivity for ammonium ions over sodium ions, but it does not show selectivity for 
ammonium ions over potassium ions. The results are consistent with the size fit design 
where ionophore V provides the appropriate size fit to ammonium and potassium ions 
(similar size) however the cavity is too big for sodium ions.  However, the expected H-
bonding of ammonium ions to the ionophore does not enhance the selectivity of 
ammonium over potassium in DOP membrane environment, as was predicted.  Molecular 
modeling was not able to simulate the specific membrane format used in this experiment 
and therefore did not give a good prediction of the selectivity of ionophore in this 
particular membrane.   
 
The Nernstain response implies an ideal sensitivity.10  In this study, the membranes 
consisting of ionophore V provide the response near Nernstain response after the addition 
of potassium tetrakis(4-chlorophenyl) borate as a lipophilic salt. The lipophilic salt 
provides the ion-exchange properties of the membrane. In this case, ionophore V is 
considered as a neutral carrier when uncomplexed to a cation. When the ionophore 
complexes to an ion, it will provide the charge.  Therefore, the membranes require the 
additional incorporation of lipophilic ions of opposite charge to ensure permselectivity or 
ion-exchange properties.  
 
Among all of the ionophores and fluoroionophore in this work, the lithium 
fluoroionophore I is the best ionophore in term of high sensitivity and high selectivity. 
This approach could lead to the use of optical transduction by modifying the future 
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compounds and fabricating these compounds into a self-assembled monolayer electrode 
format. 
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Chapter 8 
Future Work 
 
We have reported that monolayers of selective lithium and ammonium ionophores on 
gold can be used to measure metal ion concentrations in aqueous solution using 
impedance spectroscopy (chapters 4 and 5). These systems can be incorporated into 
microfluidic sensor formats.  Additionally, through the use of fluorescent groups, the 
sensor response can be monitored by optical transduction also. Fluorescence detection 
has certain advantages over electrochemical detection; for example, fluorescent 
monolayers on gold used for sensing applications do not require the use of reference and 
counter electrodes or supporting electrolytes.151, 152  For future work, we now propose two 
potential surface bound molecules for selective binding of lithium ions (compound VI) 
and ammonium ions (compound VII). These compounds consist of an anthracene 
fluorophore attached to an ionophore which can undergo the PET process upon ion 
binding.  The fluoroionophore moieties are derivatized with a tether attached to a gold 
surface so that the ion binding ability of these compounds can be monitored by both 
electrochemical (e.g. impedance spectroscopy) and optical (e.g. fluorescence 
spectroscopy) methods.  The dual transduction mechanism will result in more accurate 
sensor devices and allow for self-calibration.  Molecular modeling predicts selectivity of 
these compounds for the target ions.  Here, the synthetic details to achieve these 
compounds are proposed. 
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Compound VI: Lithium Fluoroionophore for derivatization on gold electrode 
 
O
NO O
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N
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N
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Figure 56: Structure of compound VI: Lithium Fluoroionophore 
 
 
The synthesis strategy for synthesizing this compound is modified from previous work.23 
The synthetic schemes for target compound VI are shown in schemes 25-26. 
 
Synthesis of 4,7,13,16-tetraoxa-1,10,21-triaza-bicyclo[8.8.5]tricosane-19,23-dione,  
(I-3), (Scheme 25). 
The synthesis of I-3 can be prepared in the same manner as in previous work.23  Fmoc-
iminodiacetic acid can be refluxed with the thionyl chloride to convert acid functional 
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group to acid chloride, followed by coupling with the diaza-18-crown-6. Then the Fmoc 
protecting group is removed by treatment with piperidine to achieve I-3. 
 
Scheme 25 
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Synthesis of 21-[10-(10-Mercapto-decyloxymethyl)-anthracen-9-yl methyl]-1,10,21-
triaza-bicyclo[8.8.5]tricosane-19,23-dione ,compound VI, (Scheme 26). 
 
The hydroxyl group of 10-bromo-decan-1-ol is protected using chlorotrimethyl–silane to 
yield (10-bromo-decyloxy)-trimethy-silane (VI-1) as a product. The resulting compound 
is treated with the potassium thioacetate to yield VI-2, followed by treatment with 
hydrofluoric acid to remove the protecting group and to obtain thioacetic acid S-(10-
hydroxy-decyl) ester (VI-3) as a product. The VI-3 can be treated with sodium hydride in 
DMF for 30 min, where upon 0.5 eq of 9,10-bis-chloromethyl-anthracene is added. The 
reaction is stirred at room temperature for 24 hrs to yield thioacetic acid S-[10-(10-
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chloromethyl-anthracen-9-ylmethoxy)-decyl]ester (VI-4) as a product. VI-4 is coupled 
with I-3 by treatment with triethylamine in 1,4-dioxane and reflux for 24 hrs.4, 33  to yield 
thioacetic acid 10-[10-(19,23-dioxo-1,10,21-triaza-bicyclo[8.8.5]tricos-21-ylmethyl)-
anthracen-9-ylmethoxy]-decyl ester (VI-5).  Compound VI is obtained by treatment VI-5 
with potassium hydroxide in ethanol for 15 min.153 All of the above synthetic products 
can be purified by column chromatography and characterized by using NMR and ESI-
MS. 
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Scheme 26 
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Compound VII: Ammonium Fluoroionophore for derivatization on gold electrode 
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Figure 57: Structure of compound VII: Ammonium Fluoroionophore 
 
The synthesis strategy for synthesizing compound VII is modified from the ionophore 
III. All of the ester and amide bonds of the depsi-peptide are created in solution. Four 
orthogonal protecting groups, t-Bu, Fmoc, BzlO, and dithiasuccinoyl (Dts) will be used in 
the synthesis strategy of compound VII. The synthetic schemes for VII are shown in 
schemes 27-30. 
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Synthesis of block 3 (Scheme 10) 
The synthesis of block 1 is prepared in the same manner as explained in chapter 5 by 
acid-catalyst esterification of benzyl alcohol and L-lactic acid. Then, block 3 is obtained 
by coupling III-1 with Boc-D-Val-OH using DIPCDI as a coupling reagent and DMAP 
as a catalyst, followed by hydrogenation using Pd on activated carbon. 
 
 
Scheme 10 
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Synthesis of VII-2   (Scheme 27)  
 
D-hydroxyisovaleric acid benzyl ester (III-2) is prepared in the same manner as 
explained in chapter 5 by acid-catalyst esterification of benzyl alcohol and D-
hydroxyisovaleric acid. Then, VII-2 is obtained by coupling Boc-Lys(Fmoc)-OH with 
III-2, followed by hydrogenation.  
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Scheme 27 
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Synthesis of VII-5 (Scheme 28) 
The title compound, VII-5, can be prepared from commercially available Fmoc-D- 
Lys(Boc)-OH. The protecting group of the side chain is removed by treatment with 50% 
TFA in DCM to obtain VII-3, followed by  reprotection with dithiasuccinoyl (Dts) amine 
by using either a thiocarbamate or the formyl derivative with chlorocarbonylsulfenyl 
chloride to achieve VII-4.154, 155 VII-5 is obtained by coupling III-1 with VII-4.  
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Scheme 28 
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Synthesis of linear depsi-peptide   (Scheme 29) 
 
VII-5 is deprotected Fmoc-group at the N-terminus by treatment with 10% piperidine to 
achieve VII-6. The piperidine is removed by vacuum. Without further purification VII-6 
can be coupled with VII-2 using standard solid phase synthesis coupling reagents, 
PyBOP, HOBT and DIPEA to obtain VII-7. VII-7 can be purified by column 
chromatography, following by deprotecting Boc-group at the N-terminus with 50% TFA 
to obtain VII-8.  The linear depsi-peptide, VII-9, can be obtained by coupling of VII-8 
with block III. 
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Scheme 29 
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Synthesis of VII (Scheme 30) 
Then benzyl ester group at the C-terminus of the linear depsi-peptide, VII-9, can be 
removed by hydrogenation to give VII-10. VII-10 is deprotected Boc-group at the N-
terminus by treatment with 50% TFA, followed by cyclization using HATU and  HOAT 
as the coupling reagents to achieve VII-11. Then, the Dts protecting group can be cleaved 
by treatment with 2-mercaptoethanol (0.5 M) and DIPEA (0.5 M) in DCM for 2 min.91, 
156-158  The deprotected compound can be coupled with 11-mercaptoundecanoic acid to 
achieve VII-12 using DCC and DMAP as previously described in the synthesis of 
compound III in chapter 5.159, 160 The Fmoc-group on the side chain of VII-12 is then 
removed by treatment with 10% piperidine to obtain VII-13. Compound VII can be 
obtained by treatment VII-13 with 9-chloroanthracene and triethylamine in 1,4-dioxane 
for 24 hrs. 
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After the fluoroionophores VI and VII are synthesized by using the synthetic procedure 
explained above, they can be put on the gold surface and used as the electrode for 
selective lithium and ammonium sensors, respectively. The ion binding ability of these 
fluoroionophores can be determined by both electrochemical (e.g. impedance 
spectroscopy) and optical (e.g. fluorescence spectroscopy) methods.  
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Appendix A1: 
NMR and Mass Spectroscopy data for compound I 
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Appendix A2: 
NMR and Mass Spectroscopy data for compound II 
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Appendix A3: 
NMR and Mass Spectroscopy data for compound III 
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The 1H-NMR spectrum of III-1 exhibits an upfield doublet of doublet (3H) at δ 1.42 (dd, 
J = 7.07, 1.01) due to the CH3 protons are coupled to the CH proton at the chiral center 
and OH proton (long range coupling).  A proton of hydroxyl group shows a broad doublet 
at δ 3.08 due to the OH proton is coupled to the CH proton.  Rapid exchangeability of the 
OH proton causes a singlet signal for the hydroxylic signal of alcohol. Under normal 
conditions such as exposure to air, light, and water vapor which are develop in CDCl3 
solution and catalyze rapid exchange of the hydroxylic proton. However, the rate of 
exchange can be decreased by lowering the temperature, by using a dilute solution, or 
used the dried solvent.  In the 1H-NMR spectrum of this compound, the OH proton is 
coupled to the CH proton and exhibits doublet.  It can be explained that the proton is on 
the oxygen atom of an individual molecule long enough for it to be affected by the CH 
proton; therefore there is a coupling.  Multiplet at δ 4.28-4.34 (1H) is due to a CH proton 
on a chiral center connected to methyl proton and hydroxyl group. The singlet at δ 5.19 
(2H) is due to methylene protons connected to phenyl ring.  The aromatic protons appear 
downfield as a multiplet at δ 7.30-7.38 (5H).  
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The 13C-NMR spectrum of III-1 exhibits an upfield signal due to methyl carbon at δ 
20.5.  The signals appear at δ 67.0 and 67.3 are due to sp3-carbons.  The phenyl carbons 
appear at δ 127.9, 128.4, 128.6, 128.8 and 135.4, while signals at δ 127.9 - 128.8 are due 
to the signals of sp2-carbons and a signal at δ 135.4 is due to a quaternary carbon.  A 
carbonyl quaternary carbon (C=O) appears downfield at δ 175.7. 
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The 1H-NMR spectrum of block 1 exhibits two doublets at δ 0.90 (3H) and 0.97 (3H) due 
to the two non-equivalent methyl groups connected to CH proton (valine moiety).  Three 
methyl groups of t-butyl protecting group appear as a multiplet at δ 1.43-1.47 (m, 9H). 
The doublet (3H) at δ 1.51 is due to a methyl group of the lactic acid moiety connected to 
a CH-proton.  Multiplet at δ 2.06-2.09 (1H) is due to a CH proton connect to two methyl 
groups of valine moiety.  A CH proton on a chiral center of valine moiety connected to 
isopropyl group appears as a multiplet at δ 4.27-4.35 (1H).  A CH proton on a chiral 
center of lactic acid moiety connected to methyl group appears as a quartet at δ 5.03 
(1H).  The multiplet at δ 5.15-5.20 (2H) is due to methylene protons connected to the 
phenyl ring.  The aromatic protons appear downfield as a multiplet at δ 7.30-7.40 (5H). 
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The 13C-NMR spectrum of block 1 exhibits upfield signals due to methyl carbon at δ 
17.1, 17.6, and 19.1.  Three equivalent methyl groups of t-butyl group exhibits signal at 
δ 28.4. The signal at δ 31.4 belongs to a sp3-carbon of valine moiety, while the signal at 
δ 58.7 is due to a signal of sp3-carbon (chiral carbon center) of valine moiety.  The signal 
at δ 69.3 is due to a sp3-carbon (chiral carbon center) of lactic moiety.  A sp3-carbon 
connected to the phenyl ring appears at δ 67.2.  The signal at δ 79.8 belongs to a 
quaternary carbon of a t-butyl group.  The phenyl carbons appear at δ 128.3, 128.6, 128.7 
and 135.3, while signals at δ 128.3 - 128.7 are due to the signal of sp2-carbons and a 
signal at δ 135.3 is due to a quaternary carbon.  Three carbonyl carbons (C=O) appear 
downfield at δ 155.7, 170.2, 171.6.  
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1H-NMR spectrum of block 3 exhibits two doublets at δ 0.96 (3H) and 1.00 (3H) due to 
two non-equivalent methyl groups coupled to the CH proton (valine moiety).  The 
multiplet at δ 1.43-1.51 (m, 12H) is due to three methyl groups of t-butyl protecting 
group and methyl group of the lactic acid moiety.  Multiplet at δ 2.11-2.22 (1H) belongs 
to a CH proton connect to two methyl groups of valine moiety.  A CH proton on a chiral 
center of valine moiety connected to isopropyl group appears as a doublet at δ 4.10 (1H).  
A CH proton on a chiral center of lactic acid moiety connected to methyl group appears 
as a multiplet at δ 5.05-5.10 (1H).  The absence of the downfield signalat δ 7.30-7.40 
(aromatic photons) confirms the successful deprotecting step. 
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The 13C-NMR spectrum exhibits upfield signals due to methyl carbons at δ 16.5, 17.4, 
18.6, 27.6, 27.8, 27.8.  The signal at δ 30.9 is due to the sp3-carbon of valine moiety, 
while the signal at δ 59.7 belongs to a signal of sp3-carbon (chiral carbon center) of 
valine moiety.  The signal at δ 69.4 is due to a sp3 carbon (chiral carbon center) of lactic 
moiety.  The signal at δ 79.6 is due to a quaternary carbon of a t-butyl group.  The 
absence of the signals of the aromatic sp2-carbons at δ 128.3-135.3 confirms the 
successful deprotection.  Three carbonyl carbons (C=O) appear downfield at δ 157.2, 
172.1, and 172.8.  
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The 1H-NMR spectrum of D-hydroxyisovaleric acid benzyl ester, III-2, exhibits two 
doublets at δ 0.83 (3H) and 1.00 (3H) due to the protons of two non-equivalent methyl 
groups coupled to the CH proton. The multiplet at δ 2.07-2.13 (1H) is due to a CH proton 
connected to two methyl groups.  A proton of hydroxyl group shows a doublet at δ 2.76 
due to the OH proton, coupled to the CH proton.  The appearance as a doublet can be 
explained that the proton is on the oxygen atom of an individual molecule long enough to 
be affected by the CH proton; therefore there is a coupling.  Multiplet at δ 4.04-4.13 (1H) 
is due to a CH proton on a chiral center connected to isopropyl group and hydroxyl 
group. The multiplet at δ 5.15-5.28 (2H) belongs to methylene protons connected to 
phenyl ring.  The aromatic protons appear downfield as a multiplet at δ 7.25-7.51 (5H). 
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The 13C-NMR spectrum of III-2 exhibits two upfield signals due to methyl carbon at δ 
16.0 and 19.0.  The signal at δ 32.3 is due to the sp3-carbon of isopropyl group.  The 
signal appears at δ 67.5 belongs to a sp3-carbon connected to the phenyl ring, and the 
signal appears at 75.2 is due to a sp3-carbon at the chiral center.  The phenyl carbons 
appear at δ 127.8, 128.0, 128.6, 128.7, 128.8 and 135.4, while signals at δ 127.8 - 128.8 
are due to the signals of sp2 carbons and a signal at δ 135.4 belongs to a quaternary 
carbon.  A carbonyl carbon (C=O) appears downfield at δ 175.0. 
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The 1H-NMR spectrum of this compound exhibits two doublets at δ 0.93 (3H) and 0.97 
(3H) due to two non-equivalent methyl groups connected to CH-proton 
(hydroxyisovaleric acid moiety).  The multiplets at δ 1.23-1.59 (13H) are due to three 
methyl groups of t-butyl protecting group, and two methylene groups of lysine moiety.  
Two diastereotopic protons, connected to CH proton on a chiral center of lysine moiety, 
appear as multiplets at δ 1.61-1.76 (1H) and 1.76-1.93 (1H).  The multiplet at δ 2.19-2.33 
(1H) is due to a CH proton connect to two methyl groups of hydroxyisovaleric acid 
moiety.  The multiplet at δ 2.94-3.27 (2H) belongs to methylene protons of lysine moiety 
connected to Fmoc moiety.  The CH proton on a chiral carbon of the lysine moiety 
appears as a doublet of doublet at δ 4.17-4.25 due to the CH proton, coupled to two 
diastereotopic protons.  A series of multiplets at δ 4.35-4.43 (3H) and 4.87-4.98 (1H) is 
difficult to identify among the CH proton of Fmoc group, methylene protons of Fmoc 
group, and CH proton at the chiral center of hydroxyisovaleric acid moiety.  The 
multiplet at δ 5.02-5.25 (2H) is due to methylene protons connected to phenyl ring.  The 
aromatic protons appear downfield as a multiplet at δ 7.25-7.45 (9H) and two doublets at 
δ 7.59 (2H) and 7.75 (2H). 
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The 13C-NMR spectrum of III-3 exhibits two upfield signals at δ 17.3 and 19.0 due to 
methyl carbons of hydroxyisovaleric acid moiety.  The signals appear at δ 22.5, 29.5, 
32.4, 40.7 are due to sp3-carbons of lysine moiety, and these are confirmed by DEPT 135 
given negative signals.  Three equivalent methyl groups of t-butyl group exhibits signal at 
δ 28.5.  The signal at δ 30.3 belongs to the sp3-carbon of isopropyl group.  The signals 
appear at δ 47.4 and 53.7 are due to the sp3-carbon of Fmoc moiety and sp3 chiral carbon 
of lysine moiety, respectively.  The signals appear at δ 66.7 and 67.2 are due to sp3-
carbons connected to aromatic rings, Fmoc moiety and phenyl ring.  The signal appears at 
77.4 is due to a sp3-carbon chiral center of hydroxyisovaleric acid moiety.  The signal at δ 
80.3 is due to a quaternary carbon of a t-butyl group. In addition, the absence of this peak 
in DEPT 135 confirms a quaternary carbon signal.  The aromatic carbons appear at 
δ 120.1, 125.2, 127.2, 127.8, 128.5, 128.6, 128.8, 135.4, 141.5, and 144.2.  Four carbonyl 
carbons (C=O) appear downfield at δ 155.5, 156.6, 169.3 and 172.3. 
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The 1H-NMR spectrum of III-4 exhibits a doublet of doublet at δ 1.02-1.10 (6H) due to 
the two non-equivalent methyl groups connected to CH proton (valine moiety).  The 
absence of three methyl group signals of t-butyl protecting group confirms the successful 
deprotection step.    The doublet (3H) at δ 1.50 is due to a methyl group of the lactic acid 
moiety connected to a CH-proton.  Multiplets at δ 2.30-2.41 (1H) belongs to a CH proton 
connected to two methyl groups of valine moiety.  A CH proton on a chiral carbon of 
valine moiety connected to isopropyl group appears as a broad doublet at δ 3.96-4.02 
(1H).  A CH proton on a chiral carbon of lactic acid moiety connected to methyl group 
appears as a quartet at δ 5.13 (1H).  The multiplet at δ 5.18-5.24 (2H) is due to methylene 
protons connected to phenyl ring.  The aromatic protons appear downfield as a multiplet 
at δ 7.25-7.38 (5H).  The NH proton appears as a broad signal at δ 8.45. 
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The 13C-NMR spectrum of III-4 exhibits upfield signals due to methyl carbon at δ 16.7, 
17.5, and 17.9.  The absence of methyl carbons and quaternary carbon signals of t-butyl 
group confirms the successful deprotection. The signal at δ 29.9 is due to a sp3-carbon of 
valine moiety, while the signal at δ 58.4 belongs to a signal of sp3- chiral carbon of valine 
moiety.  The signal appears at 67.5 due to a sp3-carbon connected to the phenyl ring.  The 
signal appears at δ 70.5 due to a sp3- chiral carbon of lactic moiety.  The phenyl carbons 
appear at δ 128.4, 128.5, 128.7, 128.7, 129.2 and 135.0.  Two carbonyl carbons (C=O) 
appear downfield at δ 168.1 and 169.7. 
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The 1H-NMR spectrum of III-5 exhibits multiplet at δ 0.96 - 0.99 (12H) due to the four 
non-equivalent methyl groups connected to CH-proton (hydroxyisovaleric acid and 
valine moieties).  The series of multiplets at δ 1.26-1.52 (16H) are due to three methyl 
groups of t-butyl protecting group, two methylene groups of lysine moiety and methyl 
group of the lactic acid moiety.  Two diastereotopic protons, connected to CH proton on a 
chiral center of lysine moiety, appear as multiplets at δ 1.62-1.78 (1H) and 1.78-1.93 
(1H).  The multiplets at δ 2.24-2.40 (2H) are due to CH protons, one connected to two 
methyl groups of hydroxyisovaleric acid moiety and another one connected to two methyl 
groups of valine moiety.  The multiplet at δ 2.95-3.22 (2H) belongs to methylene protons 
of lysine moiety connected to Fmoc group.  A series of multiplets at 4.17-4.25 (1H) and 
4.25-4.32 (1H) is difficult to distinguish between the CH proton on a chiral carbon of the 
lysine moiety and CH proton on a chiral carbon of valine moiety. A series of multiplets at 
δ 4.33-4.42 (2H), 4.52-4.60 (1H) and 5.04-5.21 (5H) is difficult to identify among the CH 
proton of Fmoc group, methylene protons of Fmoc group, CH proton at the chiral center 
of hydroxyisovaleric acid moiety, CH proton on a chiral center of lactic acid moiety, 
methylene protons connected to phenyl ring and NH proton connected to Fmoc moiety.     
Two NH protons appear as two doublet signals at δ 5.32 (1NH) and 6.81 (1NH).  The 
 337 
aromatic protons appear downfield as a multiplet at δ 7.26-7.35 (7H), a triplet at δ 7.38 
(2H) and two doublets at δ 7.58 (2H) and 7.74 (2H). 
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The 13C-NMR spectrum exhibits five upfield signals at δ 16.9, 17.0, 18.1, 18.9, and 19.1 
due to methyl carbons of hydroxyisovaleric acid, valine and lactic acid moieties.  The 
signals appear at δ 22.6, 29.5, 31.5, 40.4 are due to sp3-carbons of lysine moiety, and 
these are confirmed by DEPT 135 given negative signals.  Three equivalent methyl 
carbons of t-butyl group exhibits signal at δ 28.3.  The signals at δ 30.5 and 30.8 are due 
to the sp3-carbons of isopropyl groups.  The signals appear at δ 47.3 and 53.9 are due to 
the sp3 carbon of Fmoc moiety and sp3 carbon chiral center of lysine moiety, respectively.  
The signal at δ 57.5 belongs to a signal of sp3- chiral carbon of valine moiety.  The 
signals appear at δ 66.6 and 67.2 are due to sp3-carbons connected to aromatic rings, 
Fmoc moiety and phenyl ring.  The signal appears at δ 69.4 due to a sp3- chiral carbon of 
lactic moiety.  The signal at δ 78.7 belongs to a sp3-carbon chiral of hydroxyisovaleric 
acid moiety.  The signal at δ 80.1 is due to a quaternary carbon of a t-butyl group, and the 
absence of this peak in DEPT 135 and DEPT 90 confirms a quaternary carbon signal.  
The aromatic carbons appear at δ 120.0, 125.1, 127.1, 127.7, 128.2, 128.5, 128.7, 135.2, 
141.3, 144.0 and 144.1 Six carbonyl carbons (C=O) appear downfield at δ 155.6, 156.7, 
169.2, 170.1, 170.7 and 171.9. 
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The 1H-NMR spectrum of III-6 exhibits multiplet at δ 0.92-1.05 (18H) due to the six 
non-equivalent methyl groups connected to CH-proton (hydroxyisovaleric acid and 
valine moieties).  The multiplets at δ 1.26-1.52 (18H) are due to three methyl groups of t-
butyl protecting group, two methylene groups of lysine moiety and two methyl groups of 
the lactic acid moieties.  The multiplets at δ 1.88-2.10 (m, 3H) are due to two 
diastereotopic protons, connected to CH proton on a chiral center of lysine moiety and 
CH proton connected to two methyl groups of either valine or hydroxyisovaleric acid 
moiety.  The multiplets at δ 2.25-2.43 (2H) belongs to CH protons connected to two 
methyl groups of either valine or hydroxyisovaleric acid moiety.    The multiplet at δ 
3.04-3.29 (2H) is due to methylene protons of lysine moiety connected to Fmoc moiety.  
A series of triplet and multiplet at δ 3.94 (1H), 4.17-4.23 (1H), 4.32-4.43 (3H), 4.44-4.50 
(1H) 5.03 (1H) and 5.10-5.25 (6H) is difficult to distinguish among the CH proton on a 
chiral carbon of the lysine moiety, two CH protons on chiral carbons of valine moieties, 
CH proton of Fmoc group, methylene protons of Fmoc group, CH proton at the chiral 
carbon of hydroxyisovaleric acid moiety, two CH protons on chiral carbons of lactic acid 
moieties, methylene protons connected to phenyl ring and two NH protons.  NH protons 
appear as a multiplet and broad doublet signals at δ 5.38-5.43 (1NH) and 7.51 (1NH).  
The aromatic protons appear downfield as a multiplet at δ 7.26-7.35 (7H), a triplet at δ 
7.39 (2H) and two doublets at δ 7.58 (2H) and 7.75 (2H).  
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The 13C-NMR spectrum exhibits upfield signals at δ 16.8, 16.9, 17.4, 18.6, 18.7, 19.0, 
19.1 and 19.3 due to methyl carbons of hydroxyisovaleric acid, valine and lactic acid 
moieties.  The signals appear at δ 23.0, 29.4, 32.0 and 40.5 are due to sp3-carbons of 
lysine moiety, and these are confirmed by DEPT 135 given negative signals.  Three 
equivalent methyl groups of t-butyl group exhibits signal at δ 28.4.  The signals at δ 30.3 
and 31.7 are due to the sp3-carbons of isopropyl groups.  The signals appear at δ 47.3 and 
53.7 are due to the sp3-carbon of Fmoc moiety and sp3-carbon chiral carbon of lysine 
moiety, respectively.  The signals at δ 58.1 and 60.0 are signals of sp3-carbons at chiral 
centers of two different valine moieties.  The signals appear at δ 66.7 and 67.1 due to sp3-
carbons connected to aromatic rings, Fmoc moiety and phenyl ring.  The signals appear at 
δ 69.2 and 70.1 due to sp3-carbons (chiral carbon) of two lactic moieties.  The signal 
appears at 78.9 is a sp3-carbon chiral of hydroxyisovaleric acid moiety. The signal at δ 
80.7 is due to a quaternary carbon of a t-butyl group. The aromatic carbons appear at 
δ 120.1, 125.2, 127.1, 127.8, 128.3, 128.4, 128.6, 135.4, 141.4, 144.1 Eight carbonyl 
carbons (C=O) appear downfield at δ 156.4, 156.6, 169.6, 170.4, 170.6, 171.2, 171.4 and 
171.9. 
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The 1H-NMR spectrum of the deprotected compound, III-7, in CD3OD exhibits multiplet 
at δ 0.91-1.07 (18H) due to the six non-equivalent methyl groups connected to CH-proton 
(hydroxyisovaleric acid and valine moieties).  A series of multiplets at δ 1.36-1.51 (18H) 
are due to three methyl groups of t-butyl protecting group, two methylene groups of 
lysine moiety and two methyl groups of the lactic acid moieties.  Two diastereotopic 
protons, connected to CH proton on a chiral center of lysine moiety, appear as multiplets 
at δ 1.75-1.89 (1H) and 1.89-2.03 (1H).  The multiplets at δ 2.06-2.31 (3H) are due to CH 
protons of the isopropyl groups of hydroxyisovaleric acid and valine moieties. The 
multiplet at δ 3.05-3.16 (2H) is due to methylene protons of lysine moiety connected to 
Fmoc moiety.  A series of multiplets at δ 3.98-4.09 (1H), 4.13-4.23 (1H), 4.27-4.35 (1H), 
4.36-4.58 (3H), and  5.01-5.10 (1H), 5.14-5.28 (m, 1H) and doublet at δ 4.83 (1H) is 
difficult to distinguish among the CH proton on a chiral carbon of the lysine moiety and 
two CH protons on chiral carbons of valine moieties, CH proton of Fmoc moiety, 
methylene protons of Fmoc moiety, CH proton at the chiral carbon of hydroxyisovaleric 
acid moiety, and two CH protons on chiral carbons of lactic acid moieties. The absence 
of the signal of methylene protons connected to phenyl ring further confirms the 
successful deprotection.  The aromatic protons appear downfield as two triplets at δ 7.30 
(2H) and 7.38 (2H) and two doublets at δ 7.58 (2H) and 7.77 (2H).   
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The 13C-NMR spectrum exhibits upfield signals at δ 17.8, 18.4, 19.0, 19.6, and 20.0 due 
to methyl carbons of hydroxyisovaleric acid, valine and lactic acid moieties.  The signals 
appear at δ 24.4, 30.7, 32.5 and 41.8 are due to sp3-carbons of lysine moiety, and these 
are confirmed by DEPT 135 given negative signals.  Three equivalent methyl groups of t-
butyl group exhibits signal at δ 29.2.  The signals at δ  32.1, 32.2 and 32.3 are due to 
three sp3-carbons of isopropyl groups.  The signals appear at δ 48.9 and 54.3 are due to 
the sp3 carbon of Fmoc moiety and sp chiral carbon of lysine moiety, respectively.  The 
signals at δ 59.5 and 61.3 are due to signals of sp3-carbons (chiral carbon center) of two 
different valine moieties.  The signal appears at δ 68.0 belongs to sp3-carbons connected 
to aromatic ring of Fmoc moiety.  The absence of sp3-carbons signals connected to 
phenyl ring further confirms the successful deprotection reaction. The signals appear at δ 
71.2 and 71.9 due to sp3-carbons (chiral carbon center) of two lactic moieties.  The signal 
appears at 80.4 belongs to a sp3 chiral carbon of hydroxyisovaleric acid moiety. The 
signal at δ 81.0 is due to a quaternary carbon of a t-butyl group, confirmed by the absence 
of this signal in DEPT 135.  The aromatic sp2-carbons appear at δ 121.3, 126.6, 128.6, 
129.2, 143.0 and 145.7. Seven carbonyl carbons (C=O) appear downfield at δ 158.7, 
159.3, 172.3, 173.0, 173.3 173.4 and 174.5.  
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The 1H-NMR spectrum of III-8 exhibits multiplet at δ 0.88-1.04 (18H) due to the six 
non-equivalent methyl groups connected to CH-proton (hydroxyisovaleric acid and 
valine moieties).  The series of multiplets at δ 1.24-1.41(4H) and  1.41-1.65 (6H) are 
difficult to distinguish between two methylene groups of lysine moiety and two methyl 
groups of the lactic acid moieties. The multiplets at δ 1.88-2.05 (m, 3H) are due to two 
diastereotopic protons, connected to CH proton on a chiral center of lysine moiety and 
CH proton connect to two methyl groups of either valine or hydroxyisovaleric acid 
moiety.  The multiplets at δ 2.15-2.39 (2H) belong to CH protons connected to two 
methyl groups of either valine or hydroxyisovaleric acid moiety.  The multiplet at δ 3.01-
3.37 (2H) is due to methylene protons of lysine moiety connected to Fmoc group.  A 
series of multiplets at δ 4.10-4.28 (2H), 4.28-4.50 (3H), 4.63-4.75 (1H), 5.05-5.25 (3H), 
and 5.25-5.40 (1H) is difficult to distinguish among the CH proton on a chiral carbon of 
the lysine moiety and two CH protons on chiral carbon of valine moieties, CH proton of 
Fmoc moiety, methylene protons of Fmoc moiety, CH proton at the chiral carbon of 
hydroxyisovaleric acid moiety, two CH protons on chiral carbons of lactic acid moieties 
and NH proton.  The signals of NH protons appear as a doublet at δ 6.64 and multiplets at 
δ 6.75-6.89 and 7.13-7.24.  The aromatic protons appear downfield as two triplets at δ 
7.30 (2H) and 7.40 (2H), a multiplet at δ 7.53-7.62 (2H) and a doublet at δ  7.76 (2H). 
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The 13C-NMR spectrum exhibits upfield signals at δ 15.5, 17.4, 17.8, 18.0, 18.6, 19.0, 
19.1 and 19.3 due to methyl carbons of hydroxyisovaleric acid, valine and lactic acid 
moieties.  The signals appear at δ 23.1, 29.4, 30.1 and 40.2 are sp3-carbons of lysine 
moiety, and these are confirmed by DEPT 135 given negative signals.  The series of 
signals at δ  29.6, 30.8 and 31.3 are due to three sp3-carbons of isopropyl groups.  The 
signals at δ 47.4 and 53.4 are due to the sp3-carbon of Fmoc moiety and sp3-carbon chiral 
carbon of lysine moiety, respectively.  The signals at δ 56.7 and 59.6 are due to the 
signals of sp3-carbons (chiral carbons) of two different valine moieties.  The signals 
appear at δ 66.7 is sp3-carbons connected to aromatic ring of Fmoc moiety.  The signals 
appear at δ 69.9 and 71.8 due to sp3-carbons (chiral carbons) of two lactic moieties.  The 
signal at 79.5 is due to the sp3-carbon chiral center of hydroxyisovaleric acid moiety.  
The aromatic carbons appear at δ 120.2, 125.1, 127.2, 127.9, 141.5 and 144.1.  Six 
carbonyl carbons (C=O) appear downfield at δ 156.8, 169.1, 170.6, 170.7, 171.0, 172.7.  
The ESI-MS spectrum shows signal at 793.9 m/z consistent with C42H57N4O11 (M+H)
+.  
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The 1H-NMR spectrum of the cyclic depsi-peptide exhibits a multiplet at δ 0.87-1.04 
(18H) due to the six non-equivalent methyl groups connected to CH-proton 
(hydroxyisovaleric acid and valine moieties).  The series of multiplets at δ 1.23-1.57 (8H) 
and 1.73-1.90 (2H) are difficult to distinguish between four methylene protons of lysine 
moiety and six methyl protons of the lactic acid moieties. The multiplet at δ 1.95-2.09 
(m, 2H) is due to a signal of two diastereotopic protons, connected to CH proton on a 
chiral carbon of lysine moiety.  The multiplets at δ 2.09-2.19 (1H) and 2.19-2.39 (2H) are 
due to CH protons connected to two methyl groups of valine and hydroxyisovaleric acid 
moieties.  The multiplet at δ 3.18-3.34 (2H) belongs to methylene protons of lysine 
moiety connected to amino group.  A doublet at δ  3.38 (1H) and a series of multiplets at 
δ 4.41-4.54 (1H), 4.54-4.70 (2H) and 5.15-5.38 (2H) are difficult to distinguish among 
the CH proton on a chiral carbon of the lysine moiety and two CH protons on chiral 
carbons of valine moieties, CH proton at the chiral carbon of hydroxyisovaleric acid 
moiety and two CH protons on chiral carbons of lactic acid moieties.  The signals of NH 
protons appear as a series of multiplets at δ 6.92-7.02 (1NH), 7.25-7.32 (1NH), 7.30-7.42 
(1NH) and 7.55-7.74 (1NH).  
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The 13C-NMR spectrum exhibits upfield signals at δ 15.9, 17.9, 18.0, 18.0, 19.1 and 19.3 
due to methyl carbons of hydroxyisovaleric acid, valine and lactic acid moieties.  The 
signals appear at δ 28.0, 28.9, 31.4 and 42.1 are due to sp3-carbons of lysine moiety.  The 
signals at δ  30.5, 30.9 and 31.9 are due to three sp3-carbons of isopropyl groups.  The 
signal at δ  52.0 belongs to the sp3-carbon at chiral carbon of lysine moiety.  The signals 
at δ 53.6 and 57.3 are due to the signals of sp3-carbons (chiral carbons) of two different 
valine moieties.  The signals appear at δ 71.1 and 71.4 due to sp3-carbons (chiral carbons) 
of two lactic moieties.  The signal at 76.4 is due to the sp3-carbon chiral carbon of 
hydroxyisovaleric acid moiety.  The absence of aromatic carbons signals further confirms 
the successful deprotection.  Six carbonyl carbons (C=O) appear downfield at δ  169.6, 
170.4, 170.8, 171.2, 174.4 and 175.3. 
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NMR and Mass Spectroscopy data for compound IV 
 
 
O
O
CH3
O
O
O
O
NH
O
O
CH3
CH3
CH3
IV-1
L
D
 
 
The 1H-NMR spectrum of IV-1 exhibits a multiplet at δ 1.26-1.53 (12H) due to the four 
methyl groups of lactic acid moiety and t-butyl group.  Multiplet at δ 1.88-2.42 (4H) is 
due to a signal of methylene protons of glutamic acid moiety, the difference in the 
chemical shift is due to two diastereotopic protons, methylene protons connected to CH 
proton on a chiral center of glutamic acid moiety. A triplet and multiplet at δ 4.22 (1H) 
and 4.31-4.51 (3H) are difficult to identify among the CH proton of Fmoc moiety, 
methylene protons of Fmoc moiety, and CH proton at the chiral carbon of glutamic acid 
moiety.  The multiplet at δ 5.13-5.23 (3H) is due to methylene protons connected to 
phenyl ring and a CH proton on a chiral center of lactic acid moiety. The aromatic 
protons appear downfield as a multiplet at δ 7.18-7.52 (9H) and two doublets at δ 7.60 
(2H) and 7.76 (2H). A broad doublet at δ 5.50 is due to a signal of NH proton.   
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The 13C-NMR spectrum exhibits upfield signals due to methyl carbons at δ 17.2 and 28.5. 
The signals at δ 27.8 and 31.7 are due to the sp3-carbon of glutamic acid moiety, while 
the signal at δ 53.9 belongs to a signal of sp3-carbon (at carbon chiral) of glutamic acid 
moiety. The signal appears at δ 47.5 is due to a sp3-carbon of Fmoc moiety.  The signal 
appears at δ 70.0 belongs to a sp3-carbon (at chiral carbon) of the lactic moiety.  The 
signals appear at δ 67.5 and 67.6 due to two sp3-carbons, however, it is difficult to 
distinguish between sp3-carbon connected to either the phenyl ring or Fmoc moiety. The 
signal appears at δ 81.3 is due to a quaternary carbon of t-butyl group. The aromatic sp2-
carbons signals from phenyl and Fmoc moieties appear at δ 120.4-144.3. The signals at δ 
120.4, 125.5, 127.5, 128.1, 128.6, 128.9 and 129.0 are due to the signals of sp2-carbons, 
while signals at δ 135.5, 141.7, 144.1 and 144.3 are due to the signals of quaternary 
carbons. Four carbonyl carbons (C=O) appear downfield at δ 156.3, 170.3, 171.7 and 
172.5. The ESI-MS spectrum shows signal at 611.0 m/z consistent with C34H37NO8Na 
(M+Na)+. 
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The 1H-NMR spectrum of IV-2 exhibits a multiplet at δ 1.39-1.53 (m, 12H) due to the 
four methyl groups of lactic acid moiety and t-butyl group.  Multiplet at δ 2.32-2.39 (4H) 
belongs to a signal of methylene protons of glutamic acid moiety, the difference in the 
chemical shift is due to two diastereotopic protons of methylene protons connected to CH 
proton on a chiral carbon of glutamic acid moiety. The signals of the triplet and the 
multiplet at δ 4.21 (1H) and 4.35-4.55 (3H) are difficult to identify among the signal of 
the CH proton of Fmoc moiety, methylene protons of Fmoc moiety, and CH proton at the 
chiral carbon of glutamic acid moiety.  The multiplet at δ 4.75-5.11 (1H) is due to the CH 
proton on a chiral carbon of lactic acid moiety. The aromatic protons appear downfield as 
a multiplet at δ 7.23-7.41 (4H), and two doublets at δ 7.58 (2H) and 7.74 (2H). A broad 
singlet at δ 9.21 (1H) belongs to a signal of OH proton from carboxylic acid group. The 
absence of the downfield signals form phenyl ring further confirms the successful 
deprotection step.   
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The 13C-NMR spectrum of IV-2 exhibits upfield signals due to methyl carbons at δ 17.2 
and 28.1. The signals appear at δ 27.1 and 31.4 are due to the sp3-carbon of glutamic acid 
moiety, while the signal at δ 53.5 belongs to the signal of sp3-carbon (chiral carbon) of 
glutamic acid moiety. The signal appears at δ 47.0 due to the sp3-carbon of Fmoc moiety.  
The signal at δ 67.2 belongs to sp3-carbon connected to the Fmoc moiety. This 
information is supported by DEPT 135 given negative signals. The signal appears at δ 
69.5 is due to the sp3-carbon (chiral carbon) of lactic moiety.  The signal appears at δ 
81.1 due to a quaternary carbon of t-butyl group. The aromatic carbons signals from 
phenyl and Fmoc moieties appear at δ 119.8-143.8. The signals at δ 119.8, 120.0, 124.0, 
125.1, 126.9, 127.1, 127.7, 128.2 and 129.0 are due to the signals of sp2-carbons, while 
signals at δ 141.3, 143.6 and 143.8 are due to the signals of quaternary carbons. This 
information is supported by DEPT 135 given positive signals at δ 119.8-129.0 while the 
signals at δ 141.3-143.8 are disappeared in DEPT 135. The absence of the aromatic sp2-
carbons signals from the phenyl ring further confirms the successful deprotection.  Three 
carbonyl carbons (C=O) appear downfield at δ 156.2, 171.3 and 172.4.  The ESI-MS 
spectrum shows signal at 520.1 m/z consistent with C27H31NO8Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-4 exhibits two doublets at δ 0.92 (3H) and 0.99 (3H) due to 
the two non-equivalent methyl groups connected to CH proton (valine moiety).  The 
multiplet at δ 1.24-1.48 (13H) are due to two methylene groups of lysine moiety and 
three methyl groups of t-butyl group. Two diastereotopic protons, connected to CH 
proton on a chiral center of lysine moiety, appear as a multiplet at δ 1.86-1.88 (2H). A 
multiplet at δ 2.23-2.26 (1H) is due to a CH proton of an isopropyl group of valine 
moiety. A multiplet at δ 2.77-3.31 (2H) belongs to methylene protons of the lysine 
moiety connected to t-butyloxycarbonyl group. A triplet and two multiplets at δ 4.23 
(1H), 4.34-4.49 (3H) and 4.92-5.21 (3H) are difficult to identify among the CH proton of 
Fmoc moiety, methylene protons of Fmoc moiety, CH protons at the chiral carbon lysine 
and valine moieties and methylene protons connected to phenyl ring.  The aromatic 
protons appear downfield as a multiplet at δ 7.26-7.40 (9H) and two doublets at δ 7.60 
(2H) and 7.77 (2H). 
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The 13C-NMR spectrum exhibits upfield signals due to methyl carbons at δ 17.8, 19.5 and 
28.8. The signals appear at δ 22.8, 29.8, 31.0 and 40.6 are due to sp3-carbons of lysine 
moiety, and these are confirmed by DEPT 135 given negative signals.  The signal at δ  
31.6 is due to a signal of sp3-carbon of isopropyl group, while the signal at δ 59.4 belongs 
to a signal of sp3-carbon (chiral carbon center) of valine moiety. The signal appears at δ 
47.6 due to a sp3-carbon of Fmoc moiety.  The signals appear at 67.5 and 67.6 due to two 
sp3-carbons; however, it is difficult to distinguish between methylene carbon connected 
to either the phenyl ring or Fmoc moiety.  This information is supported by DEPT 135 
given negative signals. The signal appears at δ 73.2 is due to a sp3-carbon (chiral carbon) 
of lysine moiety.  The signal appears at δ 79.6 due to a quaternary carbon of t-butyl 
group.  The aromatic carbons signals from phenyl and Fmoc group appear at δ 120.4-
144.3. The signals at δ 120.4, 125.5, 125.5, 127.5, 128.1, 128.8, 128.9, 128.9 and 129.0 
are due to the signals of sp2-carbons, while signals at δ 135.5, 141.7, 144.2 and 144.3 are 
due to the signals of quaternary carbons. This information is supported by DEPT 135 
given positive signals at δ 120.4-129.0 while the signals at δ 135.5-144.3 are disappeared 
in DEPT 135.  Four carbonyl carbons (C=O) appear downfield at δ 156.4, 169.8, 171.9 
and 172.3. The ESI-MS spectrum shows signal at 681.2 m/z consistent with 
C38H46N2O8Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-5 exhibits multiplets at δ 0.84-1.11 (6H) due to the four 
non-equivalent methyl groups of valine and hydroxyisovaleric acid moieties.  The 
multiplet at δ 1.40-1.50 (9H) is due to three methyl groups of the t-butyl group.  The 
multiplet at δ 2.25-2.27 (2H) belongs to two CH protons of isopropyl groups on valine 
and hydroxyisovaleric acid moieties.  A multiplet and two doublets at δ 4.33-4.36 (1H), 
4.91 (1H) and 5.01 (1H) are difficult to identify among the NH-proton, the CH proton at 
the chiral carbon of valine moiety and the CH proton at the chiral carbon of 
hydroxyisovaleric acid moiety.  The multiplet at δ 5.13-5.22 (2H) is due to the methylene 
protons connected to phenyl ring. The aromatic protons appear downfield as a multiplet 
at δ 7.25-7.84 (5H).   
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The 13C-NMR spectrum exhibits upfield signals due to methyl carbon at δ 17.3, 17.5, 
19.0, 19.2 and 28.5. The signals at δ 30.3 and 31.4 are due to the sp3-carbons of isopropyl 
groups of valine and hydroxyisovaleric acid moieties.  The signal at δ 58.8 belongs to the 
signal of sp3-carbon (chiral carbon) of valine moiety. The signal appears at δ 67.2 due to 
the sp3-carbon connected to the phenyl ring.  This information is supported by DEPT 135 
given negative signal. The signal appears at δ 77.5 is due to the sp3-carbon (chiral 
carbon) of hydroxyisovaleric acid moiety. The signal at δ 79.9 belongs to the signal of 
quaternary carbon of t-butyl group.  The aromatic carbons from phenyl group appear at 
δ 128.5, 128.6, 128.7 and 135.4. Three carbonyl carbons (C=O) appear downfield at δ 
155.7, 169.3 and 172.0.  The ESI-MS spectrum shows signal at 430.15 m/z consistent 
with C22H33NO6Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-7 exhibits multiplet at δ 0.90-0.99 (6H) due to the two non-
equivalent methyl groups connected to CH proton (valine moiety).  Multiplets at δ 1.26-
1.50 (25H) are due to two methylene groups of lysine moiety, seven methyl groups of 
lactic acid moiety and two t-butyl groups. Two diastereotopic protons, connected to CH 
proton on a chiral carbon of lysine moiety, appear as a multiplet at δ 1.81-1.87 (2H). 
Multiplets at δ 2.01-2.09 (2H) and 2.13-2.26 (2H) are due to the signals of methylene 
protons of glutamic acid moiety, the difference in the chemical shift are because of two 
diastereotopic protons of methylene protons connected to CH proton on a chiral center of 
glutamic acid moiety. The multiplet at δ 2.26-2.50 (1H) is due to a CH proton of an 
isopropyl group of valine moiety. The multiplet at δ 2.89-3.21 (2H) belongs to methylene 
protons of the lysine moiety connected to t-butyloxycarbonyl group. A triplet and 
multiplets at δ 4.20 (1H), 4.36-4.38 (3H), 4.38-4.75 (2H), 5.11-5.15 (3H)  are difficult to 
identify among the CH proton of Fmoc moiety, methylene protons of Fmoc moiety, four 
CH protons at the chiral center lysine, valine,  glutamic acid, and lactic moieties and 
methylene protons connected to phenyl ring.  The aromatic protons appear downfield as 
two multiplets at δ 7.26-7.41 (9H) and 7.55-7.63 (2H) and a doublet at δ 7.81 (2H). Small 
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multiplets at δ 5.22-5.38 (1H), 5.84-6.02 (1H) and 6.88-7.17 (1H) could be signals of NH 
protons. 
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The 13C-NMR spectrum exhibits upfield signals due to methyl carbons at δ 14.6, 18.0, 
18.1, 18.3, 19.3, 21.5, 28.5 and 28.8. The signals at δ 22.7, 26.8, 29.9, 31.0, 31.8 and 40.6 
are due to six sp3-carbons of lysine and glutamic acid moieties, and these are confirmed 
by DEPT 135 given negative signals.  The signal at δ  31.3 belongs to the signal of sp3-
carbon of isopropyl group of valine moiety. The signal at δ 47.6 belongs to a sp3-carbon 
of Fmoc moiety.  The signals at δ 54.5 and 57.8 are due to the signals of sp3-carbons 
(chiral carbon) of valine and glutamic acid moieties. The signals at δ 67.5 and 67.6 are 
due to two sp3-carbons connected to the phenyl ring or Fmoc moiety.  This information is 
supported by DEPT 135 given negative signals. The signals at δ 71.6 and 73.1 are due to 
the sp3-carbons (chiral carbons) of lactic acid and lysine moieties.  The signals at δ 79.6 
and 81.6 are due to the quaternary carbons of two t-butyl groups.  The aromatic carbons 
signals from phenyl and Fmoc group appear at δ 120.4-144.1. The signals at δ 120.4, 
125.5, 125.5, 127.5, 128.2, 128.7, 128.9 and 129.0 belong to the signals of sp2-carbons, 
while signals at δ 135.5, 141.7, 144.0 and 144.1 are due to the signals of quaternary 
carbons. This information is supported by DEPT 135 given positive signals at δ 120.4-
129.0 while the signals at δ 135.5-144.1 are disappeared in DEPT 135.  Six carbonyl 
 398 
carbons (C=O) appear downfield at δ 156.6, 169.9, 170.4, 171.2, 171.6 and 172.6.  The 
ESI-MS spectrum shows signal at 938.4 m/z consistent with C50H65N3O13Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-9 exhibits multiplet at δ 0.90-0.96 (6H) due to the two non-
equivalent methyl groups connected to CH proton (valine moiety).  Multiplets at δ 1.20-
1.53 (7H) are due to two methylene groups of lysine moiety and one methyl group of 
lactic acid moiety. Multiplets at 1.71-2.25 (6H) are due to the signals of six methylene 
protons of lysine and glutamic acid moieties; the difference in the chemical shift is due to 
diastereotopic protons of methylene protons connected to CH protons on a chiral carbons 
of lysine and glutamic acid moieties. The multiplet at δ 2.25-2.49 (1H) belong to a CH 
proton of an isopropyl group of valine moiety. The multiplet at δ 3.10- 3.29 (1H) and 
3.29-3.57 (1H) are due to the methylene protons of the lysine moiety connected to the 
new amide bond; the difference in the chemical shift might due to the new amide bond 
provides the rigid structure, and the methylene protons occur in the different 
environment, therefore they are not equivalent.  Multiplets at δ 3.99-4.64 (6H) and 4.90-
5.69 (4H) are difficult to identify among the CH proton of Fmoc group, methylene 
protons of Fmoc moiety, one NH proton, four CH protons at the chiral carbon lysine, 
valine, glutamic acid, and lactic moieties as well as methylene protons connected to 
phenyl ring.  The aromatic protons appear downfield as two multiplets at δ 7.17-7.47 
(9H) and 7.47-7.67 (2H) and a doublet at δ 7.77 (2H). Small multiplets at δ 5.94-6.20 
(1H) and 7.01-7.17 (1H) could be signals of NH protons.   
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The 13C-NMR spectrum of IV-9 exhibits upfield signals due to methyl carbons at δ 17.9, 
18.4 and 19.2. The signals appear at δ 22.8, 29.0, 29.8, 30.1, 32.9 and 39.7 are due to six 
sp3-carbons of lysine and glutamic acid moieties, and these are confirmed by DEPT 135 
given negative signals.  The signal at δ  31.4 belongs to the signal of sp3-carbon of 
isopropyl group of valine moiety. The signal at δ 47.4 belongs to the sp3-carbon of Fmoc 
moiety. The signals at δ 54.5 and 57.8 are due to signals of sp3-carbons (chiral carbon) of 
valine and glutamic acid moieties. The signals at 67.6 and 67.8 belong to two sp3-carbons 
connected to the phenyl ring or Fmoc moiety.  This information is supported by DEPT 
135 given negative signals. The signals at δ 70.8 and 73.0 are due to the sp3-carbons 
(chiral carbon) of lactic acid and lysine moieties. Compare to the 13C-NMR spectrum of 
IV-7, the signals of quaternary carbons of two t-butyl groups at δ 79.6 and 81.6 are 
disappear further confirms successful deprotection step.  The aromatic carbons signals of 
phenyl and Fmoc moiety appear at δ 120.5-143.9. The signals at δ 120.5, 125.3, 125.4, 
127.5, 128.3, 128.8, 128.9 and 129.0 are due to the signals of sp2-carbons, while signals 
at δ 135.5, 141.7, 143.8 and 143.9 are due to the signals of quaternary carbons. This 
information is supported by DEPT 135 given positive signals at δ 120.5-129.0 while the 
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signals at δ 135.5-143.9 are disappeared in DEPT 135.  Five carbonyl carbons (C=O) 
appear downfield at δ 156.8, 169.8, 170.0, 171.7 and 171.9.  The ESI-MS spectrum 
shows signal at 764.3 m/z consistent with C41H47N3O10Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-11 exhibits multiplet at δ 0.81-0.99 (18H) due to the six 
non-equivalent methyl groups connected to CH proton of valine and hydroxyisovaleric 
acid moieties.  Multiplets at δ 1.18-1.84 (7H) are due to two methylene groups of lysine 
moiety and one methyl group of lactic acid moiety. Multiplets at 1.85-2.59 (9H) belong 
to the overlapping signals of six methylene protons of lysine and glutamic acid moieties, 
as well as three CH protons of isopropyl groups of hydroxyisovaleric acid and two valine 
moieties. A multiplet at δ 3.10-3.38 (2H) is due to methylene protons of the side chain of 
lysine moiety connected to the amide bond and side chain of glutamic acid moiety. 
Multiplets at δ 3.93-4.49 (5H), 4.55-4.90 (2H) and 4.91-5.54 (4H) are difficult to identify 
among the CH proton of Fmoc moiety, methylene protons of Fmoc moiety, six CH 
protons at the chiral center lysine, glutamic acid, lactic, hydroxyisovaleric, and two valine 
moieties as well as methylene protons connected to phenyl ring.  The aromatic protons 
appear downfield as two multiplets at δ 7.24-7.41 (9H) and 7.52-7.58 (2H) and a doublet 
at δ 7.74 (2H). Small doublets and triplet at δ 5.91 (1H), 6.25 (1H) and 6.80 (1H) could 
be signals of NH protons. 
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The 13C-NMR spectrum of IV-11 exhibits upfield signals due to methyl carbons at δ 
17.5, 17.8, 18.2, 19.1, 19.2, 19.4, 20.0 and 21.5. The signals at δ 22.0, 29.0, 29.8, 31.6, 
33.0 and 40.0 are due to six sp3-carbons of lysine and glutamic acid moieties, and these 
are confirmed by DEPT 135 given negative signals.  The signals at δ  30.1, 30.4 and 31.0 
belong to the signal of sp3-carbons of isopropyl group of hydroxyisovaleric and two 
valine moieties. The signal at δ 47.3 is due to the sp3-carbon of Fmoc moiety.  The 
signals at δ 54.2, 57.2 and 59.4 are due to the signals of sp3-carbons (chiral carbons) of 
two valine and glutamic acid moieties. The signals at 67.4 and 67.9 are due to two sp3-
carbons connected to the phenyl ring or Fmoc moiety.  This information is supported by 
DEPT 135 given negative signals.  The signals at δ 71.0, 74.7 and 77.9 are due to the sp3-
carbons (chiral carbon) of lactic acid, hydroxyisovaleric acid and lysine moieties. The 
aromatic carbons from phenyl and Fmoc moieties appear at δ 120.5-143.9. The signals at 
δ 120.5, 125.3, 125.4, 127.5, 127.5 128.3, 128.5, 128.9 and 129.0 are due to the signals of 
sp2-carbons, while signals at δ 135.5, 141.6, 143.9 and 143.9 are due to the signals of 
quaternary carbons. This information is supported by DEPT 135 given positive signals at 
δ 120.5-129.0 while the signals at δ 135.5-143.9 are disappeared in DEPT 135.  Seven 
carbonyl carbons (C=O) appear downfield at δ 157.2, 169.4, 169.8, 170.5, 171.9, 172.0 
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and 172.1. The ESI-MS spectrum shows signal at 963.5 m/z consistent with 
C51H64N4O13Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-14 exhibits multiplet at δ 0.81-1.06 (6H) due to the two 
non-equivalent methyl groups connected to CH proton (valine moiety).  Multiplets at δ 
1.23-1.60 (25H) are due to two methylene groups of lysine moiety and seven methyl 
groups of lactic acid moiety and two t-butyl groups. Two diastereotopic protons, 
connected to CH proton on a chiral center of lysine moiety, appear as a multiplet at δ 
1.71-1.92 (2H). Multiplets at δ 1.99-2.06 (1H), 2.06-2.29 (2H) and 2.15-2.43 (2H) are 
due to the signals of methylene protons of glutamic acid moiety and a CH proton of an 
isopropyl group of valine moiety. The multiplet at δ 2.85-3.16 (2H) belongs to the 
methylene protons of the lysine moiety connected to t-butyloxycarbonyl group. A triplet 
and multiplets at δ 4.18 (1H), 4.30-4.34 (3H) and 5.23-5.33 (3H) are difficult to identify 
among the CH proton of Fmoc group, methylene protons of Fmoc group and four CH 
protons at the chiral center lysine, valine, glutamic acid, and lactic moieties. The aromatic 
protons appear downfield as two multiplets at δ 7.26-7.42 (4H) and 7.53-7.60 (2H) and a 
doublet at δ 7.73 (2H). Small multiplets at δ 4.78-5.02 (1H) and 6.21-6.53 (1H) could be 
signals of NH protons.   
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The 13C-NMR spectrum of IV-14 exhibits upfield signals due to methyl carbons at δ 
18.1, 18.6, 19.5, 28.4 and 28.8. The signals at δ 23.3, 26.8, 30.1, 32.1, 32.3 and 40.8 are 
due to six sp3-carbons of lysine and glutamic acid moieties, and these are confirmed by 
DEPT 135 given negative signals.  The signal at δ  31.5 is due to the signal of sp3-carbon 
of isopropyl group of valine moiety. The signal at δ 47.4 belongs to the sp3-carbon of 
Fmoc moiety.  The signals at δ 53.2 and 54.3 are due to the signals of the sp3-carbons 
(chiral carbon) of valine and glutamic acid moieties. The signal at 67.5 belongs to the 
sp3-carbon connected to the Fmoc moiety.  This information is supported by DEPT 135 
given negative signals. The signals at δ 71.5 and 75.4 are due to the sp3-carbons (chiral 
carbons) of lactic acid and lysine moieties. The signals at δ 79.1 and 81.3 are due to the 
quaternary carbons of two t-butyl groups. The aromatic carbons signals of phenyl and 
Fmoc moiety appear at δ 120.4-144.0. The signals at δ 120.4, 125.5, 127.5 and 128.1 are 
due to the signals of sp2-carbons, while signals at δ 141.6 and 144.0 are due to the signals 
of quaternary carbons. This information is supported by DEPT 135 given positive signals 
at δ 120.4-128.1, while the signals at δ 141.6 and 144.0 are disappeared in DEPT 135.  
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Six carbonyl carbons (C=O) appear downfield at δ 156.6, 156.9, 171.4, 171.8, 172.3 and 
172.7. The ESI-MS spectrum shows signal at 864.5 m/z consistent with C43H59N3O13K 
(M+K)+. 
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The 1H-NMR spectrum of IV-15 exhibits multiplet at δ 0.90-0.99 (18H) due to the six 
non-equivalent methyl groups connected to CH proton of valine and hydroxyisovaleric 
acid moieties.  Multiplets at δ 1.24-1.46 (25H) are due to two methylene groups of lysine 
moiety, one methyl group of lactic acid moiety and six methyl group of t-butyl groups. 
Multiplets at 1.75-1.96 (3H) and 1.96-2.51 (6H) belong to the overlapping signals of six 
methylene protons of lysine and glutamic acid moieties, as well as three CH protons of 
isopropyl groups of hydroxyisovaleric acid and two valine moieties. The multiplet at δ 
2.83-3.18 (2H) belongs to the methylene protons of the side chain of lysine moiety 
connected to Boc group.  Multiplets at δ 4.07-4.42 (6H), 4.49-4.78 (2H), 4.78-4.96 (1H) 
and 4.96-5.44 (4H) are difficult to identify among the CH proton of Fmoc moiety, 
methylene protons of Fmoc moiety, six CH protons at the chiral carbons of lysine, 
glutamic acid, lactic, hydroxyisovaleric, and two valine moieties, two NH protons as well 
as methylene protons connected to phenyl ring.  The aromatic protons appear downfield 
as two multiplets at δ 7.26-7.42 (9H) and 7.45-7.64 (2H) and a doublet at δ 7.76 (2H). 
Small multiplet at δ 5.78-6.02 (1H) and 7.08-7.26 (1H) could be signals of NH protons.   
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The 13C-NMR spectrum of IV-15 exhibits upfield signals due to methyl carbons at δ 
17.4, 17.5, 17.8, 18.5, 19.3, 21.5, 28.4 and 28.8.  The signals appear at δ 22.5, 26.4, 30.2, 
31.9, 32.2 and 40.6 are due to six sp3-carbons of lysine and glutamic acid moieties, and 
these are confirmed by DEPT 135 given negative signals.  The signals appear at δ  30.5, 
31.3 and 31.5 are due to the signal of sp3-carbons of isopropyl group of hydroxyisovaleric 
and two valine moieties. The signal at δ 47.4 belongs to the sp3-carbon of Fmoc moiety.  
The signals at δ 53.7, 57.9 and 59.4 are due to the signals of sp3-carbons (chiral carbons) 
of two valine and glutamic acid moieties. The signals at δ 67.3 and 67.7 are due to two 
sp3-carbons connected to the phenyl ring or Fmoc moiety.  This information is supported 
by DEPT 135 given negative signals.  The signals at δ 71.2, 74.4 and 77.7 are due to the 
sp3-carbons (chiral carbons) of lactic acid, hydroxyisovaleric acid and lysine moieties. 
Quaternary carbons of two t-butyl groups show the signal at δ 79.4 and 81.7. The 
aromatic carbons signals from phenyl and Fmoc moieties appear at δ 120.5-144.0. The 
signals at δ 120.5, 125.4, 127.5, 127.5, 128.2, 128.7, 128.8, 128.9 and 129.0 are due to 
the signals of sp2-carbons, while signals at δ 135.7, 141.7 143.9 and 144.0 are due to the 
signals of quaternary carbons. This information is supported by DEPT 135 given positive 
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signals at δ 120.5-129.0 while the signals at δ 135.7-144.0 are disappeared in DEPT 135.  
Seven carbonyl carbons (C=O) appear downfield at δ 156.4, 156.9, 169.4, 169.7, 169.9, 
171.0, 171.4 and 172.6. The ESI-MS spectrum shows signal at 963.5 m/z consistent with 
C51H64N4O13Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-16 exhibits multiplet at δ 0.10-1.10 (18H) due to the six 
non-equivalent methyl groups connected to CH proton of valine and hydroxyisovaleric 
acid moieties.  Multiplets at δ 1.10-1.58 (25H) are due to two methylene groups of lysine 
moiety, one methyl group of lactic acid moiety and six methyl group of t-butyl groups. 
The multiplet at δ 1.58-2.66 (9H) is due to the overlapping signals of six methylene 
protons of lysine and glutamic acid moieties, as well as three CH protons of isopropyl 
groups of hydroxyisovaleric acid and two valine moieties. A multiplet at δ 2.63-3.28 (2H) 
belongs to the methylene protons of the side chain of lysine moiety connected to Boc 
group.  Multiplets at δ  3.95-4.45 (5H), 4.45-4.65 (1H), 4.65-4.94 (1H), 4.95-5.59 (2H) 
are difficult to identify among the CH proton of Fmoc moiety, methylene protons of 
Fmoc moiety, six CH protons at the chiral carbons of lysine, glutamic acid, lactic, 
hydroxyisovaleric and two valine moieties.  The aromatic protons appear downfield as 
two multiplets at δ 7.26-7.46 (5H) and 7.46-7.64 (2H) and a doublet at δ 7.76 (2H). Small 
multiplet at δ 5.61-5.98 (1H) and 6.80-7.00 (1H) could be signals of NH protons.  The 
disappearing of the CH- aromatic signal of benzyl group at around δ 7.2-7.5 further 
confirmed the successful deprotection step. 
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The 13C-NMR spectrum of IV-16 exhibits upfield signals due to methyl carbons at δ 
17.6, 17.7, 18.0, 18.6, 19.3, 19.5, 21.0, 28.5 and 28.8.  The signals at δ 22.6, 26.3, 30.1, 
31.9, 32.2 and 42.4 are due to six sp3-carbons of lysine and glutamic acid moieties, and 
these are confirmed by DEPT 135 given negative signals.  The signals at δ  30.2, 31.0 
and 31.5 are due to the signals of sp3-carbons of isopropyl group of hydroxyisovaleric 
and two valine moieties. The signal at δ 47.4 belongs to the sp3-carbon of Fmoc moiety.  
The signals appear at δ 54.7, 57.9 and 59.3 are due to the signals of sp3-carbons (chiral 
carbons) of two valine and glutamic acid moieties. The signal at δ 67.8 belongs to two 
sp3-carbons connected to the Fmoc moiety.  This information is supported by DEPT 135 
given negative signals.  The signals at δ 71.1, 74.5 and 78.0 are due to the sp3-carbons 
(chiral carbons) of lactic acid, hydroxyisovaleric acid and lysine moieties. Quaternary 
carbons of two t-butyl groups show the signal at δ 81.4 and 81.8.  The aromatic carbons 
signals of phenyl and Fmoc moieties appear at δ 120.5-144.0. The signals at δ 120.2, 
120.5, 124.4, 125.4, 127.3, 127.2, 127.6, 128.2, 141.7 and 140.0 are due to the signals of 
sp3-carbons, while signals at δ 141.7 and 140.0 are due to the signals of quaternary 
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carbons. This information is supported by DEPT 135 given positive signals at δ 120.2-
128.2, while the signals at δ 141.7 and 140.0 are disappeared in DEPT 135.  Nine 
carbonyl carbons (C=O) appear downfield at δ 149.4, 156.9, 159.1, 169.3, 171.0, 171.8, 
172.8, 172.9 and 173.6.  The ESI-MS spectrum shows signal at 1047.4 m/z consistent 
with C53H76N4O16Na (M+Na)
+. 
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The 1H-NMR spectrum of IV-18 exhibits multiplet at δ 0.65-1.15 (18H) due to the six 
non-equivalent methyl groups connected to CH proton of valine and hydroxyisovaleric 
acid moieties.  Multiplets at δ 1.19-1.75 (25H) are due to two methylene groups of lysine 
moiety, one methyl group of lactic acid moiety and six methyl group of t-butyl groups. 
The multiplet at δ 1.78-2.49 (9H) is due to the overlapping signals of six methylene 
protons of lysine and glutamic acid moieties, as well as three CH protons of isopropyl 
groups of hydroxyisovaleric acid and two valine moieties. A multiplet at δ 2.90-3.22 (2H) 
belongs to the methylene protons of the side chain of lysine moiety connected to Boc 
group.  Multiplets at δ  3.30-3.75 (4H), 4.44-4.62 (1H), 4.63-4.72 (1H), 5.05-5.35 (2H) 
are difficult to identify among six CH protons at the chiral carbons of lysine, glutamic 
acid, lactic, hydroxyisovaleric and two valine moieties, and two NH-protons. The 
disappearing of the CH- aromatic signals of Fmoc moiety at around δ 7.2-7.8 further 
confirmed the successful deprotection step. 
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The 13C-NMR spectrum of IV-18 exhibits upfield signals due to methyl carbons at δ 
17.8, 18.0, 18.2, 18.5 19.3, 19.4, 19.5, 19.6, 28.5 and 28.8. The signals at δ 22.5, 26.0, 
26.8, 30.0, 32.0 and 40.6 are due to six sp3-carbons of lysine and glutamic acid moieties, 
and these are confirmed by DEPT 135 given negative signals.  The signals appear at δ  
30.4, 31.0 and 31.4 are due to the signals of sp3-carbons of isopropyl group of 
hydroxyisovaleric and two valine moieties. The signal at δ 47.4 is due to the sp3-carbon 
of Fmoc moiety.  The signals at δ 54.1, 57.3 and 58.1 are due to the signals of sp3-
carbons (chiral carbons) of two valine and glutamic acid moieties. This information is 
supported by DEPT 135 given negative signals.  The signals at δ 71.1, 74.8 and 76.0 are 
due to the sp3-carbons (chiral carbons) of lactic acid, hydroxyisovaleric acid and lysine 
moieties. Quaternary carbons of two t-butyl groups show the signals at δ 79.4 and 81.3.  
Eight carbonyl carbons (C=O) appear downfield at δ 156.5, 156.6, 167.7, 170.8, 171.0, 
171.6, 172.7 and 175.7.  The ESI-MS spectrum shows signal at 1047.4 m/z consistent 
with C53H76N4O16Na (M+Na)
+. 
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Appendix A5: 
NMR and Mass Spectroscopy data for compound V 
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The 1H-NMR spectrum of V-1 exhibits two doublets at δ 0.92 (3H) and 0.98 (3H) due to 
the two non-equivalent methyl groups connected to CH proton (valine moiety).  The 
doublet at δ 1.51 (3H) is due to the methyl protons of the lactic acid moiety connected to 
the CH-proton.  Multiplet at δ 2.16-2.30 (1H) is due to the CH proton connect to two 
methyl groups of valine moiety.  A series of multiplets at δ 4.18-4.27 (1H) and 4.32-4.45 
(3H) is difficult to identify among the CH proton of Fmoc moiety, methylene protons of 
Fmoc moiety, and CH proton at the chiral carbon of valine moiety.  The multiplet at δ 
5.10-5.24 (3H) is due to the methylene protons connected to phenyl ring and the CH 
proton on a chiral center of lactic acid moiety. A broad doublet at δ 5.27 is a signal of NH 
proton.  The aromatic protons appear downfield as a multiplet at δ 7.27-7.45 (9H) and 
two doublets at δ 7.60 (2H) and 7.77 (2H). 
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The 13C-NMR spectrum exhibits upfield signals due to methyl carbon at δ 17.1, 17.6, and 
19.1. The signal appears at δ 31.5 is due to the sp3-carbon of valine moiety, while the 
signal at δ 59.1 belongs to the signal of sp3-carbon (chiral carbon) of valine moiety. The 
signal appears at δ 47.4 is due to the sp3-carbon of Fmoc moiety.  The signal appears at δ 
69.5 is due to the sp3-carbon (chiral carbon center) of lactic moiety.  The signals appear at 
67.2 and 67.3 belong to two sp3-carbons, however, it is difficult to distinguish between  
methylene carbon connected to either the phenyl ring or Fmoc moiety.  This information 
is supported by DEPT 135 given negative signals.  The aromatic carbons signals from 
phenyl and Fmoc moiety appear at δ 120.2 – 144.1. The signals at δ 120.2, 125.2, 127.2, 
127.9, 128.4, 128.6 and 128.8 are due to the signal of sp2-carbons, while signals at δ 
135.3, 141.5, 143.9 and 144.1 are due to the signal of quaternary carbons. This 
information is supported by DEPT 135 given positive signals at δ 120.2-128.8, while the 
signals at δ 135.3-144.1 are disappeared in DEPT 135.  Three carbonyl carbons (C=O) 
appear downfield at δ 156.3, 170.2 and 171.4. 
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The 1H-NMR spectrum of V-2 exhibits a multiplet at δ 0.85-1.05 (6H) due to the two 
non-equivalent methyl groups connected to CH proton (valine moiety).  The doublet at δ 
1.46 (3H) is due to the methyl protons of the lactic acid moiety connected to a CH-
proton.  Multiplet at δ 2.16-2.23 (1H) is due to the CH proton connect to two methyl 
groups of valine moiety.  A series of multiplets at δ 4.14-4.23 (2H) and 4.24-4.40 (2H) is 
difficult to distinguish among the CH proton of Fmoc moiety, methylene protons of Fmoc 
moiety, and CH proton at the chiral carbon of valine moiety.  A signal of CH proton on a 
chiral center of lactic acid moiety is overlap with the signal of CH3OH from CD3OD 
solvent at δ 4.90-5.11 ppm.  The aromatic protons appear downfield as two triplets at δ 
7.27 (2H) and 7.34 (2H), multiplet at δ 7.59-7.68 (m, 2H) and doublet at δ 7.73 (2H). The 
absence of the downfield signals form phenyl ring further confirms the successful 
deprotection step. 
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The 13C-NMR spectrum of V-2 in CD3OD exhibits upfield signals due to methyl carbon 
at δ 17.9, 18.9, and 20.1. The signal at δ 32.3 is due to the sp3-carbon of valine moiety, 
while the signal at δ 61.6 is due to the signal of sp3-carbon (chiral carbon) of valine 
moiety. The signal at δ 48.8 belongs to the sp3-carbon of Fmoc moiety.  The signal 
appears at δ 70.9 is due to the sp3-carbon (chiral carbon) of lactic moiety.  The signal at 
68.4 belongs to sp3-carbon connected to Fmoc moiety.  The signals of aromatic sp2-
carbons from Fmoc group appear at δ 121.2, 121.4, 126.4, 126.7, 126.7, 128.4, 128.6, 
128.6 and 129.2, while signals at δ 143.0, 145.5 and 145.7 are due to the signal of 
quaternary carbons. The absence of the aromatic carbons signals from the phenyl ring 
further confirms the successful deprotection.  Three carbonyl carbons (C=O) appear 
downfield at δ 159.2, 173.1 and 174.3. 
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The 1H-NMR spectrum of V-3 in CD3OD exhibits two doublet at δ 0.94 (6H) and 1.04 
(6H) due to the non-equivalent methyl groups of valine moieties.  The multiplets at δ 
1.28-1.60 (10H) are due to two methyl groups of the lactic acid moieties and two 
methylene groups of lysine moiety. The signals of two diastereotopic protons, connected 
to CH-proton on a chiral center of lysine moiety, appear as multiplets at δ 1.60-1.75 (1H) 
and 1.75- 1.90 (1H).  The signal of two diastereotopic protons, connected to CH-proton 
on a chiral center of glutamic acid moiety, appear as multiplets at δ 1.91-2.12 (1H) and δ 
2.12-2.38; however, the latter signal at δ 2.12-2.38 (3H) is overlap to the signal of two 
methylene photons of glutamic acid moiety.  A multiplet at δ 2.38-2.59 is due to two CH-
protons of an isopropyl group of two valine moieties. A multiplet at δ 3.01-3.20 (2H) 
belongs to the methylene protons of the lysine moiety connected to the benzyloxy group. 
Non-equivalent CH-protons on chiral centers of valine moieties appear as two doublets at 
δ 4.04 (1H) and 4.34 (1H). Multiplets at δ 4.38-4.45 (1H) and 4.45-4.53 (1H) are due to 
the CH-protons on chiral centers of lysine and glutamic acid moieties. The splitting of 
these signals is due to the coupling of CH photon to the neighboring diastereotopic 
 459 
protons. The signals of two CH protons on chiral centers of lactic acid moieties and the 
signal of four methylene photons connected to phenyl rings are overlap with the signal of 
CH3OH from CD3OD solvent at δ 4.88-5.25 ppm. The signals of the aromatic protons 
appear downfield as a multiplet at δ 7.13-7.40 (10H). 
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The 13C-NMR spectrum of V-3 in CD3OD exhibits upfield signals at δ 18.4, 18.5, 18.8, 
19.1, 19.3 and 20.1 due to methyl carbons of valine and lactic acid moieties.  The signals 
appear at δ 24.4, 28.4, 30.9, 31.9, 33.5 and 41.9 are due to the sp3-carbons of lysine and 
glutamic acid moieties, and these are further confirmed by DEPT 135 given negative 
signals.  The signals at δ 31.4 and 31.9 are due to two sp3-carbons of isopropyl groups of 
valine moieties.  The signals of sp3-carbons chiral centers of lysine, glutamic acid, and 
two of valine moieties appear at δ 53.7, 54.6, 59.7 and 59.9. Two signals at δ 67.8 are due 
to the sp3-carbons connected to phenyl ring.  The signals at δ 72.4 and 73.6 belong to sp3-
carbons chiral centers of two lactic moieties.  The signal of the aromatic carbons of two 
phenyl rings appear at δ 129.2, 129.4, 129.6, 129.6, 129.9, 130.0, 138.0 and 138.8.  Eight 
carbonyl carbons (C=O) appear downfield at δ 159.3, 170.0, 172.4, 172.7, 173.4, 174.6, 
174.8 and 175.6. The ESI-MS spectrum shows a signal at 842.54 m/z consistent with 
C42H59N5O13 (M)
+. 
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The 1H-NMR spectrum of V-4 in CD3OD exhibits a multiplet at δ 0.87-1.04 (12H) due to 
the non-equivalent methyl groups of valine moieties.  The multiplets at δ 1.24-1.59 (10H) 
are due to two methyl groups of the lactic acid moieties and two methylene groups of 
lysine moiety. Two diastereotopic protons, connected to CH proton on a chiral center of 
lysine moiety, appear as a multiplet at δ 1.65-1.93 (m, 2H).  Two diastereotopic protons 
and two methylene photons of glutamic acid moiety appear as multiplets at δ 1.93-2.18 
(3H) and 2.18-2.35 (1H). Multiplets at δ 2.38-2.59 are due to two CH protons of an 
isopropyl group of two valine moieties. A multiplet at δ 3.01-3.19 (2H) belongs to the  
methylene protons of the lysine moiety connected to benzyloxy group.  A series of 
multiplets at δ 4.01-4.18 (2H), 4.45-4.54 (1H) and 4.54-4.63 (1H) is difficult to 
distinguish among the CH proton on a chiral center of the lysine moiety, valine moieties, 
or glutamic acid moiety.  Two CH protons on chiral centers of lactic acid moieties and 
the signal of four methylene photons connected to phenyl rings exhibits as a series of 
multiplets at δ 5.00-6.01 (6H). The aromatic protons appear downfield as a multiplet at δ 
7.23-7.40 (10H). 
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The 13C-NMR spectrum of V-4 exhibits upfield signals at δ 18.5, 18.6, 19.6, 19.7, 19.8 
and 19.8 due to non-equivalent methyl carbons of valine and lactic acid moieties.  The 
signals appear at δ 24.2, 28.8, 30.8, 31.5, 33.4 and 41.9 are due to sp3-carbons of lysine 
and glutamic acid moieties, and these are confirmed by DEPT 135 given negative signals.  
Two signals at δ 31.2 are due to two sp3-carbons of isopropyl groups of valine moieties.  
The signals at δ 53.4, 54.0, 60.6 and 60.9 belong to the sp3-carbons chiral carbons of 
lysine, glutamic acid, and two of valine moieties. Two signals at δ 67.7 and 67.9 are due 
to the sp3-carbons connected to phenyl ring.  The signals at δ 72.6 and 72.8 are due to 
sp3-carbons chiral centers of two lactic moieties.  The aromatic carbons of two phenyl 
rings appear at δ 129.2, 129.4, 129.6, 129.9, 130.0, 137.9 and 138.9.  Carbonyl carbons 
(C=O) appear downfield at δ 159.2, 173.0, 173.2, 173.3, 173.5, 174.2 and 174.5. The 
ESI-MS spectrum shows signal at 846.45 m/z consistent with C42H57N5O12Na (M+Na)
+.  
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The 1H-NMR spectrum of V-5 exhibits a multiplet at δ 0.80-1.10 (12H) due to the non-
equivalent methyl groups of valine moieties.  The multiplets at δ 1.25-1.61 (10H) are due 
to two methyl groups of the lactic acid moieties and two methylene groups of lysine 
moiety. Two diastereotopic protons, connected to CH proton on a chiral center of lysine 
moiety, appear as multiplets at δ 1.78-1.89 (1H) and 1.89-1.99 (1H).  Two diastereotopic 
protons and two methylene photons of glutamic acid moiety appear as a multiplet at δ 
1.99- 2.23 (4H). Multiplets at δ 2.23-2.40 are due to two CH protons of an isopropyl 
group of two valine moieties. A multiplet at δ 2.84-3.02 (2H) belongs to the methylene 
protons of the lysine moiety next to the amino group.  Two doublets at δ 4.13 (1H) and 
4.18 (1H) are due to the non-equivalent CH protons on chiral centers of valine moieties.  
A multiplet at δ 4.40-4.62 (2H) is due to the CH protons on chiral centers of lysine and 
glutamic acid moieties.  Two CH protons on chiral centers of lactic acid moieties exhibit 
a multiplet at δ 5.06-5.25 (2H). However, small multiplet signal at δ 7.23-7.38 showed 
that the hydrogenation was not completed. 
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The 13C-NMR spectrum of V-5 exhibits upfield signals at δ 18.6, 18.6, 19.6, 19.6, 19.8 
and 19.8 due to non-equivalent methyl carbons of valine and lactic acid moieties.  The 
signals at δ 24.0, 28.6, 29.5, 32.6, 33.1 and 40.9 are due to the sp3-carbons of lysine and 
glutamic acid moieties, and these are confirmed by DEPT 135 given negative signals.  
Two signals at δ 31.2 and 31.3 are due to two non-equivalent sp3-carbons of isopropyl 
groups of valine moieties.  The signals appear at δ 53.7, 54.1, 60.6 and 60.8 belong to the 
sp3-carbons chiral carbonrs of lysine, glutamic acid, and two of valine moieties. The 
signals appear at δ 72.7 and 72.8 due to sp3-carbons chiral centers of two lactic moieties.  
Carbonyl carbons (C=O) appear downfield at δ 172.9, 173.1, 173.3, 173.3, 173.9 and 
174.0.  The small signals appear at δ 67.9 and 129.2-138.9 showed that the hydrogenation 
was not complete. 
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